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THE  DEVELOPMENT  OF  RADIATION  RESISTANT  INSULATING  LAYERS 
FOR  PLANAR  SILICON  TECHNOLOGY 

R.  P.  Donovan,  M.  Simons  and  L.  K.  Monteith 
* 

Research  Triangle  Institute 

INTRODUCTION 

The  advent  of  MOS  transistors  dates  back  to  the  early 1960's. Their 
conception  and  development  were  described  by  Attala  and  Kahng  (Ref. l), 
Sah  (Refs. 2,3) and  Heiman  and  Hofstein  (Ref. 4) in  a  series  of  papers  and 
presentations  between 1960 and 1964. The  properties  of  these  transistors 
were  considerably  different  from  the  conventional  bipolar  transistor  in 
that  the  control  electrode  was  a  high  impedance  electrode  and  enabled  these 
devices  to  operate  in  circuits  quite  similarly  to  vacuum  tubes.  Functions 
that  could  be  performed  with  bipolar  transistors  only  with  great  difficulty 
could  ofttime  be  performed  very  cheaply  and  easily  by MOS transistors. 
Indeed  in  certain  combinations--such  as  Sah's  tetrode  (Ref.  2)--the 
advantages  of  both  the MOS and  the  bipolar  transistor  could  be  combined  into 
one  structure.  The  outlook  for  device  growth  never  seemed  brighter. 

Follow-up  on  these  exciting  announcements  was  disappointing.  Slowly 
an  awareness  of  the  severe  manufacturing  problems  required  by  these  new 
devices  became  appreciated.  One  entire  issue of the  IBM  Journal  of 
Research  was  devoted  to  exploring  certain  of  these  problems  (Ref. 5). In 
this  atmosphere  it  is  not  surprising  in  retrospect  that  the  recognition  of 
radiation  sensitivity  problems  by  Hughes  and  Giroux  (Ref. 6) attracted  less 
attention  than  it  might  otherwise  have  done.  Manufacturers  throughout  the 
country  had  cleanliness  on  their  minds  and  were  concerned  primarily  in 
eliminating  the  effects  of  ions  from  MOS  transistor  efforts. 

Manufacturing  methods  have  now  improved  to  the  point  where  ion-free 
devices  are  commercially  available  and  other  problems  such  as  radiation 
sensitivity  are  receiving  more  attention.  Again,  much  of  the  work  has 
been  carried  out  by  workers  at  Fairchild  who  also  made  the  major  contri- 
butions  in  identifying  the  role  of  contaminants  in  the  oxldation  process 
(Ref. 7) .  The  analysis  of  the  effects of ionizing  radiation  upon  the 
oxide  properties  has  been  described  chiefly  by  Snow,  Grove,  and  Fitzgerald 
(Ref. 8) along  with  Zaininger  (Ref. 9 ) .  In  Reference 8, Snow,  et  al., 
describe  the  influence of ionizing  radiation  upon  the  oxide  as  causing 
two primary  effects: 1) the  creation  of  a  net  positive  space  charge  in 
the  oxide,  and 2) the  introduction  of  fast  surface  states  at  the  oxide- 
silicon  interface.  Both  these  effects  can  cause  undesirable MOS device 
instabilities  and  cause  otherwise  satisfactorily  operating  circuits  to 
drift  and  malfunction in ionizing  radiation  environments. 

__ " - ~ ~ ~ " .  . ~~ ." . . 
~~~ ~ * .~ 

Associate  Professor,  Electrical  Engineering  Department,  North 
Carolina  State  University,  Raleigh, N. C. (Consultant  at  Research  Triangle 
Institute). 



The f i r s t   e f f e c t - - t h e   c r e a t i o n  of a ne t   pos i t i ve   space   cha rge  i n  t h e  
oxide--has  been  recognized-for  over  three  years now and i s  a t  least 
par t ia l ly   understood  (Refs .  8-10). I n   t h e  model  used t o   e x p l a i n   t h e   s p a c e  
charge  bui ldup  the  pr imary  effect   of   the   ionizing  radiat ion is t o  create 
hole-e lec t ron   pa i r s  i n  the   ox ide .   Th i s   i n t e rac t ion  is expected  between  any 
insulator   and  ionizing  radiat ion  and  invokes no spec ia l   p rope r t i e s   o f   t he  
i r rad ia ted   ox ide- - rad ia t ion   wi th   energy   in   excess   o f   the   ox ide   band   gap  
(- 8 eV) is expected t o  create hole-e lec t ron   pa i r s .  Once c rea t ed   t hese  
excess  carriers are expected  to  recombine  and  decay  back t o   t h e i r   e q u i -  
l ibr ium  concentrat ions  which  for   the  oxide (as f o r  a l l  i n s u l a t o r s )  are 
very  small. Other   events  may occur   t o   i n t e r rup t   t h i s   s equence :  1) carriers 
may become trapped  before  recombining; 2) carriers may escape  from  the 
oxide  before   recombining.   In   the la t ter  event  the  oxide  can become charged 
i f  one  type  of carrier escapes more r ead i ly   t han   t he   o the r ,   l eav ing  a n e t  
charge   in   the   ox ide .   In   the   former  case a s ign i f i can t   cha rge   s epa ra t ion  
can  occur i f   t r a p p i n g  rates are a p p r e c i a b l y   d i f f e r e n t   f o r   t h e  two types 
of carriers. Such a charge  separat ion is  expected t o   b e   i n t e n s i f i e d  by 
the   p resence   o f   an   ex te rna l ly   appl ied  electric f i e l d   d u r i n g   i r r a d i a t i o n .  

Both these   in te r rupt ing   events   apparent ly   occur   in   thermal   ox ide  on 
s i l icon--some  e lectrons  created  by  the  ionizing  radiat ion  escape  f rom  the 
oxide; most ho les  do no t  and are trapped,   leaving  the  oxide  with a n e t  
pos i t i ve   cha rge   a f t e r   t he   i r r ad ia t ing   even t .  The holes   a re   t rapped  semi- 
permanently;   the  posit ive  charge  in  the  oxide  remains  for months a t  room 
temperature.  It can  be  annealed  out,  however, a t  300-400°C i n  times on  the 
order  of 1 hour. 

The magnitude  of t he   t r apped   pos i t i ve   cha rge   va r i e s   w i th   e l ec t r i c  
f i e l d  as shown i n   F i g .  1. These da t a  are based  on  measurements made on 
MOS s t r u c t u r e s .  The absc i s sa  is  po ten t i a l   app l i ed  t o  the  metal   e lectrode;  
t h e   o r d i n a t e  i s  f l a t  b a n d   v o l t a g e   s h i f t   a f t e r   i r r a d i a t i o n   t o   s a t u r a t i o n . *  
With p o s i t i v e   p o t e n t i a l  on the  metal e lec t rode   the   ho le   t rapping   occurs  
p r i m a r i l y   i n   t h e   v i c i n i t y  of t he   ox ide - s i l i con   i n t e r f ace .  The e l ec t rons  
escape  the  oxide  through  the metal e l e c t r o d e   c i r c u i t   w i t h  very l i t t l e  
t rapping.  A s  t h e   p o t e n t i a l   o f   t h e  metal e l ec t rode  i s  made more p o s i t i v e ,  
the   ne t   e f fec t ive   charge   t rapped   increases ,   bu i ld ing  up ad jacen t   t o   t he  
oxide-s i l icon   in te r face .  Once a l l  t he   t r aps   immedia t e ly   ad jacen t   t o   t ha t  
i n t e r f ace   a r e   occup ied ,   fu r the r   i nc rease   i n   t he   pos i t i ve   b i a s   du r ing  ir- 
radiation  widens  the  region  of  occupied  traps.  

With a nega t ive   b i a s  on t h e  metal e l e c t r o d e   t h e   f i e l d   d r i f t s   t h e  
carriers i n   t h e   o p p o s i t e   d i r e c t i o n .  Some e lec t rons   escape   the   ox ide  as 
before   but   they exit now via the   ox ide-s i l icon   in te r face ;   the   ho les  are 
t rapped  but  are now located  adjacent   to   the  metal-oxide  interface.  A t  
small n e g a t i v e   e x t e r n a l   b i a s   t h e   f l a t  band   vo l tage   sh i f t  is reduced 
du r ing   i r r ad ia t ion .  As t he   b i a s   i nc reases ,  however, the  magnitude  of  the 
e f fec t ive   charge   induced   a l so   increases .   This   fac t  may r e f l e c t   t h e  
existence  of a small r e s i d u a l  e lectr ic  f i e l d   i n   t h e   o x i d e  which  must  be 
compensated  by a small negat ive   b ias  on t h e  metal e lec t rode   before   the  
appl ied  electric f i e l d  dominates  the carrier d r i f t .   I n  any  event  the 

* 
no f u r t h e r   s h i f t   i n   f l a t  band  occurs  under  prolonged  irradiation. 
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Figure 1. Voltage s h i f t  at saturation  (AVfi(sat)) as a function of gate 

voltage VG during irradiation  (Refs.  11,12). 
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space  charge  trapped i n  the   ox ide  is h igher  a t  high  f5eld--regzrdless of 
direction--and is  p o s i t i v e   i n   s i g n .  

The second  inf luence  of   ionizing  radiat ion upon ox id ized   s i l i con  
devices  is the   c r ea t ion  of f a s t   i n t e r f a c e  states. These s t a t e s   a r e  
typical ly   within  the  forbidden  energy gap  of t h e   s i l i c o n  and  physically 

t h a t  of other   a l lowed  e lectronic   energy levels i n   t h a t   c a r r i e r s   c a n  occupy 
and  vacate  these  energy  levels  depending upon t h e   p o s i t i o n  of t he  Fermi 
l eve l .  The presence of h igh   dens i t i e s  of i n t e r f a c e   s t a t e s  is  almost 
a lways  deleter ious  to   device  operat ion  s ince  the  effect  of t h e s e   s t a t e s  
i s  to   cap tu re  carriers t h a t  are p a r t i c i p a t i n g   i n   t h e   d e s i r e d   d e v i c e  
operation.  These  effects  manifest   themselves as a r e d u c t i o n   i n   t h e   b e t a  
of a b i p o l a r   t r a n s i s t o r  and in   the   t ransconductance  of an MOS t r a n s i s t o r  
and as a bias  dependent  extraneous  change component i n  MOS capac i tors .  
Radiation-induced fas t   in te r face   s ta tes   can   a l so   be   thermal ly   annea led  by 
a temperature-time  cycle similar to   t ha t   u sed  ,to annea l   t he   e f f ec t s  of 
the  radiation-induced  space  charge  buildup. 

' are loca ted  a t  the   ox ide-s i l icon   in te r face .   Thei r   behavior  is siniilar t o  

Solutions  Proposed  and  Investigated 

The model of space charge  bui ldup  descr ibed  in   the  preceding  sect ion 
sugges ts   severa l  methods  of   reducing  oxide  sensi t ivi ty   to   ionizing 
r ad ia t ion :  

1. 

2. 

3 .  

4. 
5. 

Keep t h e   e l e c t r i c   f i e l d   a c r o s s   t h e   o x i d e   a t   t h e  optimum value  
during  i r radiat ion-- the minimum p o i n t   i n   t h e   c u r v e  of  Fig. 1. 

Reduce the   concent ra t ion  of ho le   t raps   in   the   ox ide- -present  
evidence  suggests   their   concentrat ion is  on the  order  of 

10 l8  cm (Ref.  13). 

Alternat ively  increase  the  e lectron  t rap  or   recombinat ion  center  
concentrat ion s o  tha t   fewer   e lec t rons   escape   dur ing   i r rad ia t ion"  
measurements  suggest  that  the  concentration of e l e c t r o n   t r a p s   i n  

thermal  oxide is  on the   o rder  of ~ m - ~ ,  a f u l l  4 orders  of 
magnitude less than  the  hole   t rap  densi ty   (Ref .   14) .  

Impede e lec t ron   escape  by c r e a t i n g   b a r r i e r s   i n   t h e   o x i d e .  

Subs t i t u t e  a  more r a d i a t i o n   r e s i s t a n t   i n s u l a t o r   f o r   t h e   o x i d e .  

-3 

Solut ion 1 is obvious  but   of ten  impract ical   in   operat ing  systems and 
w i l l  no t   be   cons idered   fur ther .   Solu t ion  2 ,  the   e l imina t ion   of   ho le   t raps  
i n  the  oxide,  i s  easier sa id   t han  done. Most wide-gap ma te r i a l s  have 
many impur i ty   o r   defec t -assoc ia ted   l eve ls   th roughout   the i r   forb idden   gaps .  
These levels dominate  the electrical  p rope r t i e s  and may be  extremely 
d i f f i c u l t   t o   e l i m i n a t e  i n  s p i t e  of t h e  evidence tha t   sugges t s  a r e l a t i v e l y  
low dens i ty  of e l ec t ron   t r aps .  A second  ob jec t ion   to   th i s   so lu t ion  is 
tha t   even   i f   the   ho le   t rap   concent ra t ion   could  be dramatically  reduced 
the   ho le s  still  might   not   escape  across   the  oxide-s i l icon  interface as 

4 



readily  as  the  electrons  because  of  an  interfacial  barrier  to  hole  flaw. 
This  postulation  is  pictured  in  Fig. 2 and  assumes  that  the  work  function 
of  the  Si02  is  greater  than  that  of  the  silicon.  Such a representation  is 
hypothetical;  the  position  of  the  Fermi  level  in  the  oxide  is  not  known 
for  thermal  oxide;  even  the  appropriateness  of  using  the  band  model  for 
predicting  oxide  electrical  properties  is  questionable. 

Investigations  reported  to  date  which  have  been  directed  toward 
solving  the  radiation  sensitivity  problem  by  reducing  hole  traps  have 
been  partially  successful.  What  has  been  shown  is  that  various  annealing 
cycles  and  heat  treatment  can  alter  the  defect  structure  of a given  oxide 
which  in  turn  does  produce  measurable  changes  in  the  radiation sendtivity 
of  the  oxide.  The  magnitude  of  these  improvements  has  generally  been  small 
and  difficult  to  separate  from  other  variables  that  also  influence  the 
radiation  sensitivity.  Independent  evidence  to  show  that  the  hole  trap 
density  has  actually  been  reduced  is  generally  not  given so these  annealing 
cycles  may  well  be  reducing  the  radiation  sensitivity  by  some  mode  other 
than  that  of  the  supposed  hole  trap  reduction. 

Solution 3,  the  increase  of  electron  trap  density,  appears  more 
realistic.  In  general  increasing  trapping  levels  or  recombination  centers 
by  the  addition of impurities  or  defects  or  both  is  easily  visualized.  This 
technique is similar  to  the  gold  doping  technique  used  to  reduce  carrier 
lifetime  in  silicon  switching  devices.  Many  insulators  already  exhibit 
high  trapping  or  recombination  center  densities;  intuitively  it  would 

O T  

3.78 eV 

Si 

1.12 
1 

valence  band 

T" 
sio2 
A 

no barrier to electron 
flow from oxide to  Si 

- 8  eV 

- barrier  to  hole  flow  from 
oxide  to  Si 

Figure 2. Band  repreaentation of oxide-silicon  interface  when  the  work 
function of the  oxide is greater than that of the silicon. 
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a p p e a r   p o s s i b l e   t o ,   i n  a sense,   degrade  Si02  to a similar low l i f e t i m e  

condi t ion.  S i02  e x h i b i t s  a h igh   mobi l i ty - l i fe t ime  product   for   e lec t rons .  

For many purposes   this   property  could  be a d i s t inc t   advan tage   bu t   fo r  
radiat ion  hardening i t  is a l i a b i l i t y   s i n c e  i t  l eads   t o   l a rge   cha rge  
s e p a r a t i o n   e f f e c t s .  

Among t h e  methods t h a t  have  been  investigated  for  bringing  about 
th i s   type   o f   modi f ica t ion  are various  oxide  doping  schemes  (Ref.  15). 
The work of  Reference  15  has  included  incorporation  of aluminum  and 
chromium in to   t he   t he rma l ly  grown ox ide   i n   an   e f fo r t   t o   i n t roduce  
defects   which  act  as e i ther   t raps   o r   recombina t ion   cen ters .   In   genera l  
improvements were observed  with a l l  of  these  doping  steps  but  the 
conclusion i s  tha t   the   annea l ing  and hea t   t rea tments   in   hydrogen   or  
helium are probably  even more e f f e c t i v e .  The most r a d i a t i o n   r e s i s t a n t  
thermally grown s i l i c o n   o x i d e   f i l m  was prepared by o x i d i z i n g   s i l i c o n   i n  
an RF hea ted   s i l i con   sys t em  in  water vapor  which was followed by an 
i n   s i t u  hydrogen  treatment a t  500". 

Other   modif icat ions  that   have  been  invest igated  include  implantat ion 
of  aluminum ions   in to   the   thermal ly  grown s i l i c o n   d i o x i d e  and t h e  implan- 

t a t i o n  of N2 ions   in to   thermal ly  grown oxides.  The former  invest igat ion 

has  been  performed a t  Hughes A i r c r a f t  (Ref. 16). The aluminum implanta- 
t ion  appears   f rom  this   br ief   invest igat ion  to   offer   no  advantage  over  
the  unimplanted  oxide. The i n t e r a c t i o n  between  high  fluence N2+ beams 

and  thermal  oxide  on  si l icon  has  been  very  effective  and is  the  major   task 
t o   b e   d i s c u s s e d   i n   t h i s   c o n t r a c t   r e p o r t .  

+ 

Solu t ion  4, t h e   i n s e r t i o n   o f   p o t e n t i a l   b a r r i e r s   i n   t h e   o x i d e   t h a t  
oppose  electron  f low,  also seems f e a s i b l e .   I n   t h i s  scheme the   ox ide  is  
coated  with a second  insulator  so t ha t   e l ec t ron   f l ow  in   one   d i r ec t ion  is 
impeded (Fig. 3) .  I n   a d d i t i o n   t h e   l i f e t i m e  of carriers i n   t h e  added 
i n s u l a t o r  may be small enough t h a t   v e r y  few electrons  escape  f rom  the 
d i e l e c t r i c  sandwich. These e l ec t rons  become trapped  (or  recombine) i n  
t h e   i n s u l a t o r  and pa r t i a l ly   ba l ance   t he   t r apped   ho le s .  

One ob jec t ion   t o   t h i s   app roach  i s  t h a t   t h e   b a r r i e r  is e f f e c t i v e  
against   e lectron  motion  in   only  one  direct ion.  When the   appl ied  e lectr ic  
f i e l d  d r i f t s   t h e   e l e c t r o n s  toward t h e   s i l i c o n   i n  Fig. 3, t he   e l ec t ron  
b a r r i e r   i n   t h e   i n s u l a t o r  is i n e f f e c t i v e .  It will no t  impede e l ec t ron  
t r anspor t  and very few e l ec t rons  w i l l  become trapped i n  i t .  This 
r e s t r i c t i o n  i s  i n c o n s e q u e n t i a l   f o r   a p p l i c a t i o n s   i n  which t h e   g a t e  is  
always  biased  posit ively.  The presence  of an e l e c t r o n   b a r r i e r   i n   t h e  
oxide w i l l  r e d u c e   t h e   r a d i a t i o n   s e n s i t i v i t y  of an  oxide  biased so as t o  
d r i f t   e l e c t r o n s  away from t h e   s i l i c o n ,  assuming  present  concepts  of  radi- 
a t i o n   i n t e r a c t i o n s  are va l id .   For   nega t ive   ga te   b ias   the   e lec t ron   bar r ie r  
w i l l  r e s u l t   i n  a posi t ive  space  charge on t h e   o x i d e   s i d e  of the  oxide- 
insu la tor   in te r face .   I f   the   ox ide   th ickness   in   the   combina t ion   ox ide-  
i n s u l a t o r   d i e l e c t r i c  is less than it normally  would  be i n   a n  a l l  oxide 
d i e l e c t r i c   l a y e r ,  i t  is l i k e l y   t h a t   t h e   r a d i a t i o n   s e n s i t i v i t y  of t he  
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si s io2 added  insulator 
or 

"doped" S i 0 2  

Figure 3 .  Electron  barrier  in a two-layered  insulator. 

combination  dielectric is greater  under  negative  bias  because  the  positive 
space  charge  is  now  closer  to  the  oxide-silicon  interface  than  it  would 
otherwise  be. 

Solution 5: The  existence  of  many  insulators  already  possessing  the 
desired  high  concentration  of  electron  traps--or  at  any  rate  reduced 
sensitivity  to  radiation  (for  example  Mylar,  silicon  monoxide,  silicon 
nitride)  might  suggest  that  a  very  practical  solution  is  to  replace S i 0 2  

with  one  of  these  less  radiation-sensitive  insulators. This solution  has 
not  been  successful  in  the  past  because  devices so fabricated  exhibit 
instabilities  not  normally  displayed by thermally  oxidized  silicon  devices. 
The  interface  between  thermal  oxide  and  silicon is located  within  the 
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o r i g i n a l   s i l i c o n   c r y s t a l  and i s  probably a smooth bu t   sha rp   t r ans i t i on  
region. Such a n   i n t e r f a c e   c o n s t i t u t e s   t h e  least d is rupt ive   t e rmina t ion  
t o   t h e   s i l i c o n  la t t i ce  tha t   has   ye t   been   found.   In te r face  state d e n s i t i e s  

on  the  order  of 10"  cm-2--far below  those  associated  with vacuum cleaved 
s u r f a c e s   o r   i o n  bombarded surfaces--are   not  uncommon. 

When the   i n t e r f ace   be tween   an   i n su la to r  and s i l i c o n  i s  formed  by a 
depos i t ion   p rocess ,   the   resu l t ing   insu la tor -s i l icon   sys tems  have   been   found 
t o   b e   u n s t a b l e .   T h i s   i n s t a b i l i t y  is m a n i f e s t   i n  a s h i f t   i n   t h e   c a p a c i t a n c e  
versus   vo l tage  (C-V) curves  under  both  posit ive  and  negative  gate  voltage 
and  has  been  observed  with  both Si3N4  and evaporated S i 0  l aye r s .  Rapid 

measurements  of t h e  C-V curves   indicate  a p a r a l l e l   s h i f t  of t h e  C-V curves 
under  bias.  The i n s t a b i l i t y  i s  similar to   t ha t   obse rved  on Si02  layers  

which  have large  mobile   ion  densi t ies   within  the  oxide.  However, t h e  
s h i f t s   i n   t h e  C-V curves are i n   t h e   o p p o s i t e   d i r e c t i o n   t o   t h a t   c a u s e d  by 
ion   mot ion   wi th in   the   insu la tor .  The simplest   explanation  of  these 
i n s t a b i l i t i e s  is  t h a t   t h e y  are due to   cha rge   i n j ec t ion  from t h e   s i l i c o n  
i n t o   t h e   i n s u l a t o r   o v e r   t h e   i n t e r f a c i a l   b a r r i e r  between t h e   s i l i c o n  and 
insulator   and  the  subsequent   t rapping  of   these carriers i n   t h e   i n s u l a t o r .  
Evidence e x i s t s   f o r   b o t h   e l e c t r o n  and   ho le   in jec t ion   across  a s i l i con -  
s i l i c o n   n i t r i d e   i n t e r f a c e .  

Evidence  has now been   r epor t ed   t ha t   subs t i t u t ion  of   an   en t i re ly  
d i f f e r e n t  material as t he   i n su la to r   t o   be   u sed   w i th   s i l i con   t echno logy  
might  be  possible  using A1203 as t h e   d i e l e c t r i c  (Ref.  17). The a b i l i t y  

t o  do t h i s  could a l te r  the   ope ra t ion  of t h e   s i l i c o n   i n d u s t r y   i n  a major 
fashion.   For   the  past   ten  years   the  s i l icon  planar   technology  has  had 
thermally grown s i l i c o n   o x i d e  as the  major  and  indeed  only  satisfactory 
insulator   in   the  processing  sequence.   Thermally grown s i l i con   ox ide  
g ives   sur face   p ro tec t ion  and pass iva t ion ;  i t  serves  as a use fu l   d i f fus ion  
mask during  oxidat ion;  i t  i s  used as an   i n su la t ing   ma te r i a l  between 
depos i ted   in t raconnects   and   the   under ly ing   s i l i con   reg ion;  i t  is used as 
t h e   i n s u l a t o r   i n  MOS capacitors  and MOS t r a n s i s t o r s  and  most recent ly   has  
been  employed as an   i n su la to r  between  mult i layered  intraconnect ion  pat terns  
deposi ted on a s i n g l e   s u b s t r a t e .  I n  sp i te   o f   cons iderable   research ,  no 
one  other material has  been  able  to  perform so many funct ions so well. 
Indeed in   the   pas t   the   contes t   has   no t   even   been  close. R e c e n t   r e s u l t s   a t  
RCA (Ref. 17), however, i n d i c a t e   t h a t  A1203 may of fer   se r ious   compet i t ion .  

Although  the  ent i re   processing  sequence  ut i l iz ing aluminum oxide is  not  
near ly  so well developed as t h a t  of s i l i con   ox ide ,   ea r ly   r e su l t s   have  
shown t h a t   t h e   r a d i a t i o n   r e s i s t a n c e  of t h i s   m a t e r i a l  is  f a r   s u p e r i o r  t o  
t h a t  of  thermally grown s i l i con   ox ide .  A t  t he  same time aluminum oxides 
does   no t   exh ib i t   t he   uns t ab le   i n t e r f ace   t ha t   cha rac t e r i zes   s i l i con  
n i t r ide- -s i l icon   or   evapora ted   s i l i con   ox ide-s i l icon   in te r faces .  The band 
gap  of aluminum oxide is s i m i l a r   t o   t h a t  of thermally grown s i l i c o n   o x i d e  
and  hence is expected  to   be as s t a b l e   i n t e r f a c i a l l y   w i t h   s i l i c o n  as 
thermally grown s i l icon   ox ide .   Indeed   th i s  seems t o  have  been  borne  out 
by da ta   r epor t ed   t o   da t e .  Problems still  e x i s t   i n   t h e  A1203 technology 
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(the  best  films  have  been  prepared  by  the  plasma  anodization  of  aluminum) 
but  it  is  a  very  new  technology  as  yet. 

Approaches  Followed  by  This  Contract 

Two approaches  to  radiation  hardening of oxides  on  silicon  were 
followed  independently  during  this  contract: 

1. Modification  of  thermally  grown  oxides  on  silicon  via  ion 
implantation; 

2. The  development  of  evaporated  silicon  monoxide  layers  to  exhibit 
the  interfacial  stability  of  thermal  oxide. 

The  first  technique  recommended  itself  as  a  method  of  controllably 
introducing  defects  into  thermal  oxide.  The  ion  beam  introduces  dis- 
placement  damage  and  impurities,  both  of  which  should  be  effective  in 
creating  defect  levels in the  forbidden  gap  of  the  oxide.  The  control 
over  both  the  concentration  and  the  distribution of these  defects  that 
ion  implantation  makes  possible  cannot  easily  be  matched  by  any  other 
known  technique.  Such  control  appears  necessary  if  one  hopes  to  modify 
the  bulk  oxide  properties  without  degrading  the  oxide-silicon  interface. 

The  second  technique  is  based  on  utilizing  the  known  radiation 
insensitivity  of  evaporated  silicon  oxide  by  modifying  the  interface 
between  the  silicon  and  the  evaporated  oxide.  The  radiation  insensitivity 
of  bulk  evaporated  oxides  is  well  documented  (Ref. 18; Ref. 8) but  such 
oxides  have  not  been  of  much  practical  value  because  of  the  charge  injec- 
tion  that  takes  place  across  the  oxide-silicon  interface.  Such  charge 
injection is consistent  with  a  lowered  potential  barrier  at  the  oxide- 
silicon  interface  for  evaporated  silicon  monoxide  (relative  to  that  of 
thermally  grown  silicon  oxide). The  aim  of  this  task  was  to  develop 
methods  for  increasing  the  interfacial  barrier  height  between  evaporated 
oxide  and  a  silicon  substrate  but  at  the  same  time  preserving  the  radia- 
tion  hard  properties  of  the  oxide. 

These  two  approaches  complement  each  other. In simplified  terms  the 
problem  is  that  the  oxide  must  possess  two  properties: 1) radiation 
insensitivity  and 2) interfacial  stability  with  silicon.  Thermal  oxides 
possess  property 2 but  not  property 1; evaporated  oxides  possess  property 
but  not  property 2. The  two  tasks  proposed in this  contract  are  to  find 
methods  whereby  thermal  oxides  could  be  modified  to  exhibit  property 1 
without  losing  advantages  they  already  possess  in  regards  to  property 2 
and  conversely  to  modify  the  methods  of  evaporating  silicon  monoxide so 
that  they  can also exhibit  property 2 without  sacrificing  the  already 
demonstrated  advantages  of  property 1. 

1 

The  first  technique  has  been  by  far  the  more  rewarding,  as  might 
be  expected  from  the  observation  that  here  one is simply  trying  to 
selectively  degrade  the  oxide.  Thermally  grown  silicon  oxide is radiation 
sensitive  because  of  its  high  electronic  mobility-lifetime  product.  If 
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some  modification  can  reduce  this  electron  lifetime,  the  material  should 
be  much  less  radiation  sensitive.  Task 2, the  upgrading  of a deficient 
property,  sounds  more  difficult  and  proved  to  be so in  the  course  of  this 
work.  While  methods  for  accomplishing  this  desired  interfacial  stability 
no doubt  were  identified  in  principle,  unanticipated  contamination 
prevented  any  real  evaluation.  Virtually  all  the  evaporated  oxides 
.examined  showed  intolerable  ionic  contamination  which  precluded  their 
evaluation as radiation  hardened  insulators.  The  charge  injection  type 
of  instability  was  observed  only on the  pure  evaporated  silicon  oxide  but 
even  here  under  prolonged  bias-temperature  stress  the  impurity  effects 
eventually  dominated  the  observations. 

The  ion  implantation  technique  on  the  other  hand  operated  well  in  its 
desired  role.  Optimum  parameters  for  the  process  are  not  identified  as 
yet,  but  qualitatively  the  process  has  been  shown  capable of producing 
less  radiation-sensitive  thermal  oxides.  Details  of  the  work  carried  out 
in  demonstrating  this  conclusion  constitute  the  bulk  of  this  report. 

EXPERIMENTAL  TECHNIQUES 

This  section  describes  the  sample  preparation  used  .for  both  the  ion- 
implanted  oxides  and  the  evaporated  oxides.  Methods  of  analysis,  electron 
gun  irradiations,  Cobalt 60 irradiations  and  the C-V analysis  were  used 
jointly  by  both  tasks.  These  techniques  are  described  in  the  following 
paragraphs. 

Sample  Description  and  Preparation 

All  silicon  samples  used  in  these  investigations  were  supplied by 
the  Monsanto  Corporation  and  came  from  the  same  silicon  ingot.  The  silicon 
was  delivered  in  wafer  form to the  following  specifications: 

Resistivity:  10-15  ohm-cm  p-type 
Dopant:  boron 
Orientation: (100) 
Thickness : 10-15  mils 
Surface  Finish: 1 side  polished,  the 

other  side  as  sawed 
0 

Oxide  Thickness: 6000-8000 A. 

The  as-received  wafers  were  oxidized  by  the  Monsanto  Company  to a thickness 
of 6800 A. This  oxide  served  as a protective  layer  throughout  shipping  and 
storage  of  the  wafers.  Prior  to  use  this  oxide  was  stripped  in  concentrated 
HF immediately  prior  to  either  inserting  the  wafer  in  the  vacuum  system  for 
an  evaporated  oxide  or  into  the  oxidation  furnace  for a thermally  grown  oxide. 

0 
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The  thickness of dielectric  utilized  throughout  the  experiments  was 
0 

2000 A. This  value  of  thickness  was  maintained  whether  the  oxide  was 
thermally  grown  or  evaporated.  For  thermally  grown  oxides  both  steam  and 
dry  oxygen  were  used  to  grow  the  oxides. In the  case  of  the  steam  oxides 
the  cycle  consisted  of a 5-5-5 cycle in which  the  wafer  was  loaded  in  dry 
oxygen  for  the  first 5 minutes,  the  carrier  gas  was  then  switched  to  steam 
for  the  next 5 minutes  and  finally  returned  to  dry  oxygen  for  the  con- 
cluding 5 minutes  of  the  oxidation  cycle.  All  these  steps  .were  at a 
furnace  temperature  of  llOO°C.  The  dry  oxygen  cycle  consisted  of a 
120OoC  exposure  to dry oxygen  for 1 hour.  The  wafers  were  removed  from  the 
furnace  rapidly  following  the  oxidation  cycle. 

Following  oxidation  all  wafers  were  coated  with  aluminum 'in an  Ultek 
ion  pump  system,  employing  an  electron  gun  heater.  Evaporation  was  carried 
out  through a molybdenum  evaporation  mask  consisting  of an array  of  15  mil 
diameter  holes  on  20  mil  centers.  The  thickness  of  the  aluminum  during 
evaporation  was  measured  by a crystal  monitor;  evaporation  was  stopped  at a 
thickness  of 1000 A.  

0 

Most  units  irradiated  throughout  the  contract  period  were  then  exposed 
to a hydrogen  annealing  cycle  at  4OO0C  for 1 hour.  Early  units  examined 
did  not  always  receive  this  treatment  but  subsequent  evaluation  of  annealed 
versus  unannealed  units  showed  that  there  was  more  reproducibility  among 
the  hydrogen  annealed  units  in  that  the  presence  of  interface  states (as 
indicated  by  the  slope  of a C-V  measurement,  see  following  section  entitled 
"Capacitance-Voltage  Analysis")  was  minimized  by  including  this  step.  The 
improvement  manifested  itself  not  only  in  the  initial  properties of the 
capacitor  but  particularly  in  the  properties  of  the  capacitor  following 
various  irradiations. 

The  units  were  then  scribed  and  diced so as  to  fit  on  12-pin  TO-5 
headers.  Each  chip  was  scrubbed  by  hand  onto  such  headers  and  the 
outermost  15  mil  aluminum  electrodes  were  contacted  by a ball  bonded  gold 
wire.  The  wire  was  positioned so as  to  minimize  the  shadowing  of  the  gold 
wire  on  the  aluminum  electrode.  The  area  of  the  ball  bond  was  approximately 
4 mils  in  diameter.  The  temperatures  of  the  chip  during  the  scrub  bonding 
was  approximately 45OoC; during  wire  attachment  the  chip  temperature  was 
approximately  320OC. A heated  capillary  was  used  during  the  ball  bonding. 

Capacitance-Voltage  Analysis 

The  primary  measurement  made  in  analyzing  the  properties  of  the 
various  oxides  and  modified  oxides  prepared  during  this  contract  was  the 
capacitance-voltage  property  of a metal  oxide  silicon  structure (MOS). 
This  measurement  has  been  well  publicized  in  recent  years  (Refs.  19,20). 
While  the  method is extremely  powerful  for  understanding  the  properties 
of the oxide-silicon-interface, the  only  quantitative  number  recorded 
during  these  experiments  was  that  of  the  flat  band  voltage. The flat 
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band  voltage is the   va lue  of   appl ied  vol tage  on  the metal e l ec t rode  a t  
which t h e  MOS capaci tor   has   the  value  of   capaci tance  corresponding  to  
z e r o   p o t e n t i a l   a p p l i e d   t o   t h e   i d e a l   c a p a c i t o r   ( t h e   i d e a l   c a p a c i t o r  i s  a 
capac i tor   in   which  a l l  vo l t ages   app l i ed   t o   t he  metal e l ec t rode  are 
balanced by cha rges   i n   t he   s i l i con   su r f ace   space   cha rge   r eg ion ) .  
Consequent ly   the  f la t   band  vol tage is  a measure  of  the  departure  from  the 
idea l   capac i tance .  The assumption is  tha t   i n   t hese   expe r imen t s   t he   va lue  
of f l a t  band  vol tage  departs   f rom  the  ideal   capaci tor   pr imari ly   by  those 
charges  introduced  during  the  i r radiat ing  event .  The procedure is  t o  
measu re   t he   i n i t i a l ,   p re - i r r ad ia t ion   va lue  of f l a t  band  voltage  and t o  
s u b t r a c t   t h i s   v a l u e  from the   va lue  of f l a t  band  voltage  following a given 
exposure   to   ion iz ing   rad ia t ion .  The i n c r e a s e   i n   t h e  magnitude  of t h e  
f l a t  band  voltage is t aken   t o   be  a measure  of  the  charge  introduced  into 
the   capac i to r  by t h e   i r r a d i a t i o n .  A s  d i scussed   i n   t he   In t roduc t ion  
these  charges   can  be  e i ther   in   the  form  of   an  oxide  space 'charge  or  as 
i n t e r f a c e  states a t  the   ox ide - s i l i con   i n t e r f ace .  The f l a t  band  value 
does  not  distinguish  between  these two sources  of  charge,   al though  the 
s lope  of   the  capaci tance  versus   vol tage  curve is degraded  from  the  id.eal 
capaci tor   behavior  by the   p resence  of i n t e r f a c e  states which are being 
charged  or  discharged  during  the  voltage sweep.  Only q u a l i t a t i v e   n o t e  
of s lope  degradat ion was made during  this   experiment .   Resul ts   s t rongly 
recommend that   future   experiments   inc, lude a quant i ta t ive  measure  of   the  
i n t e r f a c e  state dens i ty  component such as the  conductance-voltage  measure- 
ments  developed  by  Nicollian  and  Goetzberger  (Refs.  21,22). 

Typical C-V curves are shown i n  Fig. 4. The f l a t  band vol tage  is  
measured in   t he   dep le t ion   b ranch  of the  curve.  The inversion  branch 
behavior was largely  ignored  during  these  measurements. 

Figure 5 shows the   c i r cu i t   s chemat i c   u sed   t o   r eco rd   t hese   p lo t s .  
Various  methods  of  permanent  record were employed throughout  the  year  but 
i n  a l l  cases consisted  of  an X-Y type  record showing capaci tance  versus  
vol tage.  

Electron Gun I r r a d i a t i o n  

The chief   source  of   i r radiat ion  throughout   the  contract  was a 
Brad-Thompson e l ec t ron  gun similar t o   t h a t   r e p o r t e d   i n  NASA CR-1088 
(Ref. 111, the   f i na l   r epor t   o f   Con t rac t  NAS1-6900.  Much t h e  same technique 
as descr ibed   there  was  employed here.   Modifications were necessary   to  
accommodate the  samples, now mounted  on TO-5 headers   ra ther   than   he ld  as 
whole wafers under  mechanical  springs. 

The electron  energies   used  var ied from 4 keV t o  20 keV, t h e  lat ter 
energy  being  used  for a la rge   major i ty  of the   i r rad ia t ions .   F luences  

typ ica l ly   va r i ed  from  10l2 e/cm2 up t o   1 0 l 6  - 1017 e/cm2. To keep t h i s  
f luence   range   in  a convenient time scale the  f lux  used  var ied  throughout  

such a r a d i a t i o n   c y c l e ,   s t a r t i n g  a t  a level of 6 x lo1' e/cm -sec. The 2 
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Figure 5. Schematic  of C-V measuring  apparatus. 

highest  flux  used  was 6 x 1014 e/cm  -sec.  At 20 keV  this  electron  fluence 
range  corresponds  to  approximately 5 x lo5  rads  to 5 x lo9 - 5 10” rads. 

2 

The technique  employed  permitted  the  same  silicon  chip  which  contained 
8, 10 or  even  more  identical  capacitors  to  be  biased  at  different  values 
during  irradiation.  Customarily  the  technique  employed  consisted  of 
biasing 2 units  at +8 volts, 2 units  at +4 volts, 2 at  zero, 2 at -4 and 
2 at -8. The uniformity of the  electron  beam  was  judged  adequate  to  assume 
that no significant  variation  in  flux  occurred  bver  the  surf  ace  of  the  chip. 
bong the  initial  experiments  performed  to  verify  ‘this  assumption  was 
irradiation  of  several  chips  with  all  units  biased  identically  and  comparing 
the  charge  buixdup  of  each  unit.  Typically  these  units  varied  less  than 5% 
from  each  other  for  the  same  bias  with  the  exception of the  initial  dry 
oxygen  oxide  investigated.  For  this  reason  dry  oxygen  oxides  were  not  used 
in the  early  stages o’f the  program  and  all  early  data  were  taken on steam 
grown  oxides. 

Cobalt 60 Irradiation 

A n  alternative  source of ionizing  radiation  used  during  the  experi- 
ments  was  the  CO-60  source  available  at  RTI.  This  source  emits  approximately 
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0.25 megarads  per  hour  at a distance  of 6 centimeters  from  the  center  of 
the  source  housing.  By  mounting  headers  on  the  inside  of a cylindrical 
container,  the  source  could  irradiate  as  many  as 12 headers  simultaneously. 
The  various  units on the  different  headers  could  be  biased  at  the  desired 
voltages  throughout  the  irradiation,  much  the  same  as  the  units  were 
biased  for  exposure  to  radiation  from  the  electron  gun. 

During  exposure  to  the  CO-60  source a dry  nitrogen  flow  continually 
swept  by  the  samples  which  were  housed  in  the  cylindrical  containers 
surrounded  by a polyethylene  bag.  Failure  to  control  the  atmosphere  during 
irradiation  initially  resulted  in a large  incidence  of  short  or  burnt-out 
capacitors. 

The  chief  advantage  of  the  CO-60  source  is  that  it  is a commonly  used 
source  of  gamma  rays,  and  allows  ready  comparison  between  the  results 
measured  on  our  samples  and  those  published  by  others.  The  biggest dis- 
advantage  for  this  work  was  the  relatively  low  flux  available so that  in 
a practical  sense  the  maximum  fluence  obtainable  was  on  the  order of 

1 - 4 x lo7  rads.  The  electron  gun,  on  the  other  hand,  permitted 10 or 
10 rads  or  more  to  be  reached  in  relatively  short  times  and  hence  the  gun 
was  the  preferred  irradiation  tool. 

8 

9 

ION  IMPLANTATION 

As described  in a preceding  section,  ion  implantation  constituted  one 
of  the  techniques  used  to  improve  the  radiation  sensitivity  of  thermal 
oxide  on  silicon. In this  technique  one  starts  with a standard  thermally 
grown  oxide  and  attempts  to  modify  the  properties of this  oxide so as to 
preserve  the  interfacial  stability  that  is  normally  shown  by  interfaces 
between  silicon  and  thermally  grown  oxides  but  at  the  same  time  reduce 
the  sensitivity  to  ionizing  radiation  that  is  also  normally sham by 
thermally  grown  oxides.  Several  methods  are  possible.  One  is to intro- 
duce  the  impurities  into  the  oxide  since  impurities  perturb  the  electronic 
levels of a material  and  alter  carrier  kinetics.  Ion  implantation  is 
capable  of  introducing  carefully  controlled  concentrations  of  impurities, 
as  is  well  appreciated  in  silicon  technology. A second  t.echnique  for 
reducing  radiation  sensitivity  would  be  to  introduce  structural  imperfections. 
Ion  implantation  also  does  this.  Consequently  ion  implantation  seems  to  be 
a reasonable  method  to  follow  in  modifying  the  properties  of a thermally 
grown  oxide  particularly  when  one  considers  that  the  depths  of  penetration 
and  the  density  of  the  implanted  beam  can  be  carefully  controlled  by  the 
independent  variables  of  the  implantation  process.  This  section  describes 
briefly  the  theory  of  implantation,  the  apparatus  used  to  carry  it  out 
and  the  resulting  measurements  made  on  the  implanted  samples. 
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Background  and  Theory  of  Ion  Implantation 

Ion  bombardment  has  been  studied  over  the  past  hundred  years  primarily 
by  nuclear  physicists  interested  in  studying  the  interactions  between  an 
incident  high  energy,  charged  particle  and a target.  This  type  of  inter- 
action  led  to  the  famous  Rutherford  scattering  model  in  which  the  inter- 
action  between  alpha  particles  and  the  atoms of a target  crystal  was  shown 
to  be  largely  electrostatic  in  nature;  that is, the  incident  charged 
particle  was  shown  to  be  scattered  by  the  electrical  field  associated  with 
an  atom,  not  requiring a direct  collision  with  the  nucleus. 

Over  recent  years  ion  bombardment  has  been  used  as a technique  for 
cleaning  surfaces,  since  one  consequence  of a high  energy  bombardment  is 
to  knock  off  surface  atoms  from  the  target. This technique  is  particularly 
effective  when  the  surface  is  covered  with a weakly  adhering  foreign  layer. 
Suitable  control  of  the  energy  and mass of  the  bombarding  particle  can  serve 
to  eliminate  the  surface  adsorbate  without  greatly  disrupting  the  target 
surface  proper.  Under  higher  bombarding  energ-bes  surface  layers  of  the 
host  target  lattice  can  also  be  dislodged,  as  in  sputtering. 

In  the  past  10-15  years,  appreciation  of  the  possibility  of  trapping 
the  bombarding  ions in, the  host  lattice  has  been  recognized  and  to  some 
extent  capitalized  upon. It is  only  over  the  most  recent  five  or  six 
years,  however,  that  the  technique  of  doping  silicon  by  ion  implantation 
has  become  practical.  By  employing  suitable  dopants  in  silicon,  such  as 
boron,  phosphorus  and  others,  and  utilizing  appropriate  annealing  cycles 
which  permit  the  trapped  implanted  ions  to  become  incorporated  substitu- 
tionally  into  the  host  silicon  lattice,  useful  devices  have  been  prepared 
and  are  now  commercially  available.  The  types  of  devices  that  have  been 
successfully  fabricated  include  solar  cells,  field  effect  transistors  and 
other  single  junction  devices.  Bipolar  transistor  fabrication  has  not  yet 
been  demonstrated  to  be a practical  technique,  presumably  because  of  the 
inevitable  lifetime  degradation  that  accompanies  the  displacement  damage 
introduced  during  the  implantation  process  itself. 

In  the  use  investigated  during  this  contract  displacement  damage  was 
viewed  as a desirable  interaction,  provided,  of  course,  it  could  be 
controlled  and  localized  in  that  region  of  the  oxide  in  which  it  was 
desired.  Chemical  effects  could  also  be  beneficial  but  generally  do  not 
predominate  in  an  implantation  experiment  unless  suitable  annealing  steps 
are  taken. The usual  technique  for  avoiding  the  undesirable  effects  of 
displacement  damage  during  implantation  into  silicon  include  carrying 
out  the  implantation  process  itself  at a temperature  in  the  vicinity  of 
6OOOC  or  subjecting  the  implanted  silicon  to a post-implantation  annealing 
cycle  of  at  least  600OC.  This  temperature  permits  the  damage  to  the 
silicon  lattice  to  anneal  essentially  as  fast  as  it  occurs  or,  in  the  post- 
implantation  anneal,  to  restore  the  broken  bonds.  The  problems  encountered 
with  the  bipolar  transistor  fabrication  suggests  that  this  annealing  is  not 
100%  effective--some  residual  degradation  in  lifetime  persists  after  the 
implantation--but  the  concentration of active  impurities  introduced  can  be 
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made  to  approach  closely  those  that  the  implantation  parameters  predict. 
This  last  observation  simply  reflects  the  fact  that  most  of  the  intro- 
duced  impurity  ions  can  be  seen  to  be  contributing  to  the  doping of the 
semiconductor  as  based  on  measurements  of  resistivity  and  Hall  coefficient 
following  implantation. 

In  the  implantations  performed  during  this  contract,  the  oxidized 
silicon  wafer  was  not  heated  above  room  temperature  during  any of the 
implantations.  Each  wafer  was  mounted  on a large  metal  wheel  which 
served  as a heat  sink  to  minimize  any  temperature  rise  that  the  ion  beam 
itself  might  tend  to  introduce.  While  no  specific  temperature  measurement 
was  made  of  either  the  wafer  or  the  wheel  on  which  it  was  mounted  during 
the  implantation,  the  conditions  of  the  experiment  suggest  that  the  wafer 
temperature  did  not  exceed  room  temperature by more  than  10-15OC  at  any 
time.  Certain  of  the  implantations  were  actually  carried  out  with a cold 
finger  jutting  into  the  vacuum  chamber  in  which  they  were  mounted,  although 
the  purpose  of  the  cold  finger  was  not  temperature  control  but  that  of  an 
aid  to  vacuum  pumping. 

Two important  parameters  of  any  implantation  are  range  and  concentra- 
tion  of  the  implanted  particles.  These  values  are  controlled  primarily 
by  the  fluence  of  the  bombarding  particles  and  the  energy  to  which  they 
are  accelerated  prior  to  implantation.  The  distribution  of  the  particles 
in  the  target  depends  upon  the  structure  of  the  target  in  the  case  of 
crystal  materials;  for  the  implantations  carried  out  here  the  target  is 
the  amorphous  silicon  oxide,  thermally grown on  silicon.  The  assumption 
of  an  amorphous  target  simplifies  the  calculation  of  ranges  in  that  the 
collisions  between  the  bombarding  ions and the  target  atoms  can  be  assumed 
to  be  random.  Under  this  assumption  each  bombarding  particle  undergoes a 
series  of  scattering  collisions  with  the  atoms  of  the  target,  losing  some 
energy  at  each  such  collision  until  finally  it  is  in  thermal  equilibrium 
with  the  target  atoms. 

The  range  problem  then  becomes  that  of  solving a series of isolated, 
classical  two  body  collision  problems.  Various  assumptions  as  to  the 
nature  of  the  interaction  between  the two interacting  particles  are 
possible: 

2 
A Coulomb  potential (V(r) = K F). This  type  of  interaction 
potential  was  assumed  by  Rutherford  in  his  classical  treatment 
of  the  scattering  of  alpha  particles. 

The  hard  sphere  potential (V(r) = 0 for r > 2 particle  radius; 
V(r) = for r < 2 particle  radius). 

A screened  Coulomb  pocential  such  as  the  Thomas-Fermi  interaction 
potential.  The  Thomas-Fermi  interaction  potential  is of the  form 

Ke f (;I. The  factor f (:) is  added  to  the  Coulomb V(r) = - 2 r  
r 

17 



potential  to  account  for  the  screening  of  the  nuclear  charge  by 
the  electrons  surrounding an atom  or  ion.  The  Thomas-Fermi 

interaction  function  is  of  the  form  f (:) = 

r 
a { r 2 2 1'2 

- 

I (;I + c 1 1 .  
where 1: is  the  distance  between  the two interacting  particles; 

a,  a  screening  parameter,  equals 0.885 a (Z  213) . 
a is the  Bohr  radius,  the  radius of the  first %ilr orbit  of all 

electron in the  hydrogen  atom; Z is  the  atomic  number  of the 

bombarding  atom; Z is the  atomic  number of the  target  atom; 

C is  an  adjustable  parameter. 

213 
-112 

0 1  + z2 

0 

1 
2 

Based  on  the  Thomas-Fermi  screening  function  as  listed  above,  Lindhard, 
et  al.,  (Ref. 23) have  developed  expressions for the range  of  bombard.ing 
ions  in  various  targets.  The  problem  is  presented  in  terms of various 
ranges  such  as  shown  in  Fig. 6 .  The  range of greatest  practical  interest 

Figure 6.  Ranges  associated  with  ion  implantation  (Ref. 23). 
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( i n   t h e   s e n s e   t h a t  it is a measurable  range) is the  range  labeled R . 
This gives  the  depth  of  an  implanted  particle  below  the  surface  of  the 
t a r g e t   i n   t h e   d i r e c t i o n  of the  implanted beam. In  Lindhard 's   t reatment  
of implanta t ion   in to   an  amorphous t a rge t   t he   co l l i s ion   p rob lem is viewed 
as a series of random c o l l i s i o n s   r e s u l t i n g   i n  a Gaussian  dis t r ibut ion  of  

values  of R about a mean value,  fi , Using these  expressions,  Gibbons 

(Ref. 24) has computed values of projected  range (R ) and the  s tandard 

dev ia t ion  of  projected  range (AR ) fo r   va r ious .   i ons   imp lan ted   i n to   s i l i con .  

In t h e  work performed  here,  Gibbons ' computer ca l cu la t ions  were used t o  
estimate the  range and concentration,  even  though  the  target material 
u t i l i z e d  in h i s   c a l c u l a t i o n s  was s i l i c o n  and the  implantat ions  invest i -  
gated  here  were in   s i l i con   d iox ide .   These   t a rge t  materials are not  very 
d i f f e r e n t   i n   t e n n s  of dens i ty   (dens i ty   o f   s i l i con  i s  2 . 3  gramslcc ;   s i l i con  
dioxide,  2 . 2  grams/cc)  and  average  atomic number (the  atomic number of 
s i l i c o n  is  14;  the  average  atomic number  of s i l i con   d iox ide  is 10).  

P 

P P 

P 

P 

One further  assumption was made in   using  these  tables-- the  dis inte-  

g ra t ion  of the  accelerated  ni t rogen  molecule ,  N2+, i n t o  a ni t rogen atom 

and ion;  N2 + N1 + N1. This   reac t ion  assumes that  the  nitrogen  molecule 

breaks   in to   an  atom  and a N + ion  immediately upon s t r i k i n g   t h e   s i l i c o n  

d ioxide   sur face   o r   before   (bu t   a f te r   be ing   acce lera ted  and  analyzed,  see 
Fig. 7) .  All range  data  then were calculated on the   bas i s   o f  two 25 keV 
ni t rogen   par t ic les   s t r ik ing   the   s i l i con   d ioxide   sur face   perpendicular ly .  
For a 25 keV n i t r o g e n   p a r t i c l e ,   t h e  assumed values of R and AR are 617 A 

0 P P 
and 222 A respect ively.  The r e l a t i o n  between concentration and fluence 

adopted  from  Gibbons  (Ref. 24) is: N(cm ) = 0.8 N2 (cm ). N is  the 
- -3 + -2 - 

peak  concentration of the  implanted species which  occurs a t  a depth of R - 
N2 (cm 2, is the  implantation  f luence.  The concentration i s  normally 

d i s t r ibu ted   abou t  N ,  decreasing one  decade a t  dis tances  of R + 2AR and 

by  two decades a t  R + 3AR e t c .  

+ +. 

1 

+ -  P'  ,. 
P -  P 

P - P D  
The Nl+ i o n  is  neu t r a l i zed  by e lec t ron   cap ture  a t  some point  along 

i ts  path  and comes t o  rest as an N1 atom so no  attempt was made t o  

distinguish  between  the  range  of  the N1 atom  and the N1 ion.  The 

differences  in  the  range  of  these two particles is assumed t o   b e   n e g l i g i b l e ,  
a l though  the  scat ter ing  problem is  modified by the  presence  of   addi t ional  
e l ec t rons  on the  N atoms. 

+ 

1 

Apparatus  for  Ion  Implantation 

The apparatus   used  to   carry  out   the   implantat ions of t h i s   con t r ac t  
is pictured  schematically  in  Fig.  7. This  apparatus is  a 400 keV 
van  de  Graff   accelerator   bui l t  by High Voltage  Engineering  Corporation 
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and  housed a t  t h e  Materials Radiation  Laboratory  of  the  Chemistry  and 
Physics Branch  of AMPD, Langley  Research Center. The u n i t   u t i l i z e s   a n  
RF ion source.  The gas  to   be  ionized  and  implanted is  b l e d   i n t o  a g l a s s  
envelope which is capaci t ively  coupled  to  a 90 watt RF o s c i l l a t o r .  The 
o s c i l l a t o r  is tuned  for  m a x i m u m  energy   t ransfer ,   c rea t ing  a l a r g e  number 
of ions  i n  the  gas .  These ions  are general ly   s ingly  charged  posi t ive 
and are ex t r ac t ed  from t h e  plasma within  the  envelope  into an acce le ra t ing  
f i e l d .  The a c c e l e r a t o r   i n   t h i s   i n s t a l l a t i o n  is of  the  van  de  Graff  type 
i n  which t h e   h i g h   a c c e l e r a t i n g   f i e l d  is  spread  out  over 2 o r  3 feet by a 
number of   spacers   insulated  with an appropriate   gas .  The ions  emerging 
from t h e   a c c e l e r a t o r  are d i rec ted   in to   an   ana lyz ing  magnet  which i s  capable 
of i so l a t ing   t he   i ons   i n to   spec ie s   o f   spec i f i c  mass-to-charge r a t i o s .  By 
a d j u s t i n g   t h e   m a g n e t i c   f i e l d   t h e   d e s i r e d   s p e c i e s  can be   d i rec ted   on to   the  
t a r g e t  area. For  the  experiments  performed  here  the beam was spread  out  
by a quad  magnet  arrangement  following  the  analyzing  magnet. The purpose 
of t he  quad  magnet was t o   o b t a i n  as uniform a beam p a t t e r n  as poss ib le .  

I n   a c t u a l i t y ,   t h i s  beam w a s  somewhat uns tab le  and w a s  s e n s i t i v e   t o  
small   adjustments s o  t h a t   f o r  most implanta t ions   the  beam unifofmity was 
no b e t t e r   t h a n  5 30% of a nominal  value, Even here ,   the   area  over   which 
- + 30% was maintained  varied  with  the  energy of the  implantation  and  with 
time. The  beam curren t  was no t  measured d i rec t ly   dur ing   the   implanta t ion  
but  was scanned a t  var ious times by a movable  Faraday  cup. The operat ing 
sequence w a s  approximately: 1) the   i on  beam was turned on  and set  t o   t h e  
nominal  values  corresponding to   the   des i red   implanta t ion .  2 )  t h e  movable 
Faraday  cup  scanned the  beam, measuring  the  current a t  var ious  points  
w i th in   t he   t a rge t  chamber i n  a l e f t   t o   r i g h t  and up and down d i r ec t ion .  
3)  The f ine   ad jus tments  were made so as t o  produce  the  most  uniform  scan 
pa t t e rn .  4 )  The sample  wafer was i n s e r t e d   i n   f r o n t  of t h e  beam and 
implanted  to  a des i red   f luence   l eve l .  5 )  The ion  beam was rescanned 
following  the  completion  of  the  implantation  process  to  assure  that   the 
beam had  remained constant  throughout. 

In   t he   ca se  of long  runs a t  high  f luence  levels   the  implantat ion 
process was interrupted  once  or  twice t o  confirm  that  the  ion beam had 
no t   d r i f t ed   subs t an t i a l ly .  The in t e r rup t ion  was assumed n o t   t o   i n f l u e n c e  
t h e   i m p l a n t a t i o n   i n  any way. 

The t a r g e t  chamber  of t he   acce le ra to r   cons i s t ed  of a l a rge  aluminum 
box  which  contained a wheel  capable of holding 5 w a f e r s   i n   a d d i t i o n   t o  
the scanning  Faraday  cup. The t a r g e t  chamber was pumped by an o i l   f r e e  

turbo-molecular pump and wae operated a t  about lom5 t o r r .  Remaining l i n e s  
i n   t h e   i o n   p a t h  were a l so   evacua ted   t o   p re s su res   i n   t he  same v i c i n i t y  by 
variouo pumps s t ra teg ica l ly   loca ted   a long   the   pa th .  The t o t a l   i o n   p a t h  
length   f rom  the   ion   source   to   the   t a rge t  i e  on the   o rde r  of 25 f e e t .  

BESULTS 

Two series of implantat ions were car r ied   ou t   dur ing   the   course   o f  
t h e  contract. The f luencee ,   energ ies ,   spec ies   and   ta rge ts   dur ing  
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implantation  are  summarized in Tables 1 and 2. A l l  evaluations of radia- 

tion  sensitivity  were  carried  out on the 2000 A oxides.  At  this  thickness 
the  only  implantations  which  yielded  useful  capacitors  were  those  carried 
out  at  an  implantation  energy of 50 keV. The  higher  implantation  energies 
degraded  the  properties of the  oxide so that  the  dc  resistance  was  severely 
reduced. No electrical  evaluation  was  made  on  the  thicker  oxides  implanted 
at  the  higher  energies,  although  measurements of IR absorption  and  etch 
rates  were  carried  out  on  these  wafers. 

0 

Table 1. First  Implantation  Series 
(All N2 Implantations) + 

"-.- 

Wafer  Oxide  Thickness 
* 

No. Energy  Fluence  (cm-2)  (steam) 
__ " - -" "" 

0 

8 50 keV 2000 A etch-back 

9 

10 

- 
11  

0 
-. "" . " 

(1 I 
2000 A thermal I 

-.- . " .- -. " - - - - 
! 11 

I t  

I -  " . " . - , 
I 

I I ' 12 I I  11 

~ 
I 

II 

1 10l6 6800 A as grown 

* 
etch-back  means  that  the  final  oxide  thickness was reached by etching 

0 

a 6800 A oxide to the  final  thickness. 
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Table 2. Summary of Second Implantat ion Series 
" - " ~" ~" - . .- ~~ ___. 

Wafer  Oxide Implantation  Parameters 
No. (2000 dry)  Species Energy  Pluence 

" "" ." - - 

Group 
I 

Group 
I1 

Group 
I11 

7A Fa i r ch i ld  

8A 

9A 

II 

II 

1 3 A  RTI 

14A I 1  

I 6A Fa i r ch i ld  

I 5A 11 

1OA R T I  

1lA 11 

12A 11 

none 

3 A  none 

Ni+ 
11 

II 

II 

I t  

0; 
11 

II 

11 

11 

II 

II 

Of the  implantations  performed a t  50 keV the. l i m i t a t i o n   i n   f l u e n c e  was 

10l6  N; cm-2. Several   implantat ions were c a r r i e d   o u t   a t  10 c m  and 

invariably  resul ted  in   degraded  dielectr ic   behavior .   Fluences less than  10 
generally  produced l i t t l e  o r  no  change  from the  unimplanted oxide s o  t h a t  
l i t t l e  da ta  were gathered on those  samples. Most of t he   da t a   t o  be rep0rte.d 

1 7  -2 

15 

here  were on  oxides 2000 1 thick  implanted  with 50 keV N2+ p a r t i c l e s  a t  a 

f luence  of 10 16 cm-2 

The most s i g n i f i c a n t   r e s u l t  was the   l a rge   reduct ion   observed   in  the 
r a d i a t i o n   s e n s i t i v i t y  of the  implanted  oxide when compared wi th   s imi la r  
thermal   oxides   that  were not  impianted.  This  conclusion is based on da ta  
shown i n   F i g s .  8-12. A l l  t h e s e   p l o t s  show charge  buildup  brought about by 
exposure to   va r ious   sou rces  of i r r a d i a t i o n .  The a b s c i s s a   i n   a l l   p l o t s  is  

f l u e n c e ;   t h e   o r d i n a t e ,   s h i f t   i n   f l a t  band  voltage.  For  the 2000 A oxide 
0 
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Fluence (20 keV electrons/cm 2 ) 

Fl.gure 8. The in f luence  of N 2  - implantat ions upon radiat ion-induced  charge  bui ldup  in   thermal   oxides .   Oxide 

th ickness :  0.2 pm; aluminum e lec t rode   th ickness :   0 .1  um; s i l i con   impur i ty   concen t r a t ion :  

NA - 1 . 6  x 10l6  cmm3; b ias   on  aluminum e l e c t r o d e   d u r i n g   e l e c t r o n   i r r a d i a t i o n :  +2 v o l t s .  

-4- 
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cor responds   to  1 X lo1‘ s u r f a c e   c h a r g e s / c m 2 ;   b i a s   d u r i n g   i r r a d i a t i o n  as shown). 
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used i n  a l l  these  measurements a s h i f t   i n   f l a t  band vol tage   o f   10   vo l t s  
corresponds  to  a charge   in t roduct ion   in to   the   ox ide  of approximately 

1 x 10 l2  charges/cm2.  F€gures 8 and 9 are steam grown oxides.  Figure 8 
is exposure t o  20 keV electrons;   Fig.  9 ,  Cobalt 60. Figures 10 and 11 
are data   gathered from  measurements on dry oxygen  grown oxides.  These 
oxides are those   t ha t  were prepared   for   us  by B. E. Deal of Fa i r ch i ld  R/D. 
A s  can be  seen from Figs.  10 and 11 t h e   r e s u l t s  are s u b s t a n t i a l l y   t h e  same 
as those on t h e  steam grown oxides. 

The key poin t  is the  drast ical ly   reduced  magni tude of t he  change i n  
f l a t  band vol tage   dur ing   i r rad ia t ion   under   pos i t ive   b ias   tha t   charac te r izes  
the  implanted  oxide.  

Another  important  feature of t he   da t a  is  the   l ack  of b i a s  dependence 
c h a r a c t e r i s t i c  of a charge  bui ldup  for  the implanted  oxide.  This  observa- 
t ion   has   charac te r ized  a l l  impianted  wafers. In most cases   the   b ias  
s e n s i t i v i t y  is reversed   in   tha t   the   charge   bu i ldup  is s l i g h t l y   g r e a t e r  
with a negat ive   b ias  on the  aluminum e l e c t r o d e   b u t   t h i s   b i a s  dependence is  
small. A t  a l l  biases   the  charge  bui ldup is  reduced in   the  implanted  oxides  
ove r   t ha t   i n   t he  non-implanted  oxides,  although  the  magnitude of t he  reduc- 
t i o n  i s  not   near ly  so pronounced a t  a b i a s   o f ,   s a y ,  -4 v o l t s   a s  i t  i s  a t  
a b i a s  of +4 v o l t s .  

Typical C-V plots   for   both  implanted and  non-implanted  thermal 
oxides,   before and a f t e r   p o s i t i v e   b i a s   i r r a d i a t i o n ,  were ske tched   in  
Fig. 4 .  The displacement  between  curves "c" and "d" would be  smaller  
with  zero  or   negat ive  gate   biases .  F l a t  band v o l t a g e   s h i f t s  produced by 

implan ta t ion   a t   10 l6  crnm2, 50 keV N: generally  ranged  from 7 t o  15 vo l t s .  

Using the  Gray-Brown technique  for  measuring  interface state dens i ty  
(Ref. 251, t h e s e   i n i t i a l   s h i f t s  were found to   be   par t ly  due t o   i n t e r f a c e  
s ta tes   introduced  during  implantat ion.  The mean projected  range of a 

25 keV N1 o r  N p a r t i c l e  is approximately 600 A. A t  th i s   depth   the  

ni t rogen  concentrat ion i s  on the   o rder  of 1021 ~ m - ~ .  Even a t  the   d i s t an t  

i n t e r f ace ,  some 1400 A away, however, the  concentrat ion of nitrogen  could 

be as high as 1014 t o  1015 ~ m - ~ ,  assuming the  predicted  Gaussian  dis t r ibu-  
t ion  about   the max imum.  A reduct ion  in   the  implantat ion  'energy may be 
des i rab le   to   reduce   the   n i t rogen   reaching   the   in te r face .  

0 + 
1 

These  data are genera l ly   cons is ten t   wi th  a model  which p i c tu re s   t he  
b i a s  dependence component of  radiation  induced  charge  buildup as being 
caused by t he   c r ea t ion  of pos i t ive   space   charge   in   the   ox ide ,   whi le   the  
bias  independent component  of charge  buildup is  a t t r i b u t a b l e   t o   i n t e r f a c e  
states. The reason   for  the reve r sed   b i a s   s ens i t i v i ty   u sua l ly   obse rved   i n  
implanted  samples   during  i r radiat ion  has   not   been  c lear ly   es tabl ished.  
The aame phenomenon has  been  reported  in  phosphorus-glass  coated  oxides 
and i n  MNOS capac i tors  and has been   a t t r i bu ted   t o  a hole-e lec t ron   bar r ie r  
within  these  modif ied  insulators  (Ref.  16). Our resul ts   suggest   that   one 
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effect  of  nitrogen  ion  implantation  is  to  introduce  such a barrier  within 
silicon  dioxide. 

The  reduced  radiation  sensitivity  evident in Figs. 8-11 was  attributed 
to  displacement  damage  initially. Two experiments  were  conducted  to 
investigate  this  hypothesis. 

The  first  of  these  experiments  consisted  of  irradiating  the  oxide 
with  high  fluences  of 20 keV  electrons.  The  idea  behind  this  experiment 
was  that  the.oxide  itself  might  undergo  displacement  damage  induced  by  the 
electron  beam.  For  displacement  damage  to  occur,  the  relationship  between 
the  binding  energy  of  an  oxygen  atom  in  the Si02 network, Ed, and  the 
energy  of  the  bombarding  electron, Et, is: 

Et = 7.4 x 10 Ed . 3 

This  relationship  is  derived  from  conservation  of  energy  and  momentum 
before  and  after  collision.  When  Et is 20 keV,  Ed = 2.7 eV.  This  value 

of  Ed  is  not  incompatible  with  the  activation.energy  for  oxygen  diffusion 
in  vitreous  silica.  Activation  energies  deduced  from  oxygen  diffusion 
work  vary  between 1.3 eV  and 3.1 eV  (Ref. 26). The  large  variation  in 
activation  energy  reported  may  reflect  the  structural  perfection  of  the 
silica  glass.  Doubly-bonded  oxygen  (the  oxygen  is  bound  to  two  nearest 
neighbor  silicon  atoms)  requires  more  energy  to  displace  than a singly- 
bound  oxygen  atom. A very  common  defect  in  silica  glass  is  the  existence 
of broken  oxygen-silicon  bonds,  resulting  in  large,  variable  concentrations 
of  singly-bound  oxygen  atoms.  Based  on  observed  activation  energies,  dis- 
placement of oxygen  atoms  in  Si02  seems  possible  by 20 keV  electron 
bombardment.  The  silicon  atoms of Si0  are  more  tightly  bound,  being 
attached  to  four  nearest-neighbor  oxygen  atoms,  and  are  not  expected  to 
be  displaced  by  this  low  energy  electron  bombardment. 

2 

The  second  experiment  was  the  implantation  of 02+ into  the  oxide  at 
substantially  the  same  energies and fluences  used  in  the N: eqeriment . 
Oxygen and nitrogen  are  similar  species, mass wise,  being  neighbors  in 
the  periodic  table,  and  the  range  data  used  for  nitrogen  should  be  roughly 
applicable  for  oxygen  as  well. 

High  Fluence, Low Energy  Electron  Irradiation 

Figure 12 ahowe  the  effect  of  high  fluence  electron  irradiation  upon 
the  radiation  sensitivity  of a steam g r m  thermal  oxide. The striking 
feature  of  this  data is the  decrease  observed  in  flat  band  voltage  at an 

30 



e lec t ron   f l uence  of 10I6 t o   1 0  cm . In p a r t i c u l a r ,   t h e r e  is a 
l a rge   dec rease  i n  t h e   f l a t  band  voltage  between  the  points taken at 
3 x 10" and 6 x This  decrease  occurs  on  both  implanted  and 
unimplanted  samples. 

17  -2 

The i n i t i a l  hypothesis was t h a t   t h i s   f l u e n c e  w a s  a c r i t i ca l  f luence  
for the   in t roduct ion   of   recombina t ion   cen ters   in to , the   ox ide  and t h a t  
subsequent   i r rad ia t ion   of   th i s   ox ide  would reveal reduced  charge  buildup 
over  the  unirradiated  charge  buildup  curve.   These  samples were then 
annealed i n  two s t e p s   t o  remove most  of the  charge  remaining i n   t h e   o x i d e .  
Anneaiing w a s  done for   10  minutes  a t  320°C and  subsequently a t  35OOC f o r  
an  additional  10  minutes.  A l l  charge was not  removed  by th i s   p rocess   bu t  
never the less  i t  appeared  that  most  had  been so t h a t  a r e i r r a d i a t i o n  from 
these  values  was i n i t i a t e d .  The hypothesis would predict   that   the   exposure 
of t h i s   o x i d e   t o   e l e c t r o n   i r r a d i a t i o n  would show very l i t t l e  charge  bclildup 
from t h i s   p o i n t  on. The expe r imen ta l   f ac t s   con t r ad ic t ed   t h i s   hypo thes i s  
immeidately. A s  can  be  seen  in   Fig.   12  the  charge  bui ldup  under   posi t ive 
b i a s   a f t e r   a n n e a l i n g  was much more rap id   in   the   thermal   ox ide   than  i t  had 
b e e n   i n i t i a l l y .  Note, f o r  example, t h a t  on the  second  branch  of  the  plot  
t h e   f l a t  band  voltage  under a b i a s  of +4 vo l t s   a f t e r   exposure   t o   an   e l ec t ron  

f luence  of  6 x 10 l3 cm-3 y i e l d s  a f l a t  band voltage  of  over 100 v o l t s .   I n  
t h e   i n i t i a l   i r r a d i a t i o n   t h i s   v a l u e  was approximately 55 v o l t s .  On the   o ther  
hand,  the -4 vol t   b ias   curve  is a c t u a l l y   s l i g h t l y  less on t h i s  second 

branch. On the  -4 vol t   curve  a t  6 X cm-' t h e   f l a t  band vol tage  is  
27 v o l t s  as opposed t o  an i n i t i a l   v a l u e  of 45 or   thereabouts .  The zero 
b ias   curve  is e s s e n t i a l l y   t h e  same in   both  branches of t h e   p l o t .  

The conclusion  then is  tha t   t he   e l ec t ron   i r r ad ia t ion   does   i n f luence  
the  subsequent  charge  buildup  behavior  in  the steam grown oxides  but  not 
i n   t h e  manner pred ic ted  by the  s i m p l e  damage model i n i t i a l l y   p o s t u l a t e d .  
The hypothes is   tha t   the   e lec t ron  beam damages the   ox ide   s imi l a r   t o   t he   i on  
beam is not   supported.  The ion  beam disp laces   bo th   s i l i con  and  oxygen  atoms; 
i t  could   be   tha t   the   e lec t ron  beam displaces   only oxygen.  This  hypothesis 
has   not   been  ver i f ied.  

Another  pertinent  observation shown i n  a dashed l i n e  on th i s   cu rve  

is t h a t   t h e   v a l u e  of t h e   f l a t  band  voltage a t  6 X 10  depends  upon 
the   f lux   o f   the   e lec t ron  beam d u r i n g   i r r a d i a t i o n .   I f   t h e   f l u x  is  maintained 

a t  6 x 1013 e/cm2-sec ( t h i s  is the   f lux   va lue   used   to   ga ther   the   po in ts  a t  

a fluence  of 6 X l O I 5  and 3 x 10l6  cm-2), then  the  value  of   f la t   band 
vol tage  does  not   decrease as o b s e r v e d   i n i t i a l l y .   I n s t e a d ,   t h e   f l a t  band 

voltage  remains a t  the   re la t ive ly   h igh   va lue   observed  a t  3 x 10 
On t h e   i n i t i a l   p l o t   t h e   f l u x  used t o   g a t h e r   t h e   l a s t  two poin ts  on t h i s  

curve was 6 x 10 e/cm -sec. This las t  observat ion shows tha t   dec rease  
i n   f l a t  band vol tage  is  flux  dependent  and  suggests a more complicated 
problem i n  carrier k i n e t i c s .  No f u r t h e r  work w a s  done to   fol low  these 

16 cm-2 

14 2 
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observations,   since  the  conclusion  reached was tha t   th i s   approach   d id  
not  produce a less rad ia t ion   s ens i t i ve   ox ide .  The da ta  do po in t   ou t   t he  
need  for  improved  understanding of carrier kinetics i n   s i l i c o n   d i o x i d e  
and  might  be  useful  for  confirming  the  predictions  of  various  models--at 
least q u a l i t a t i v e l y .  

This  change i n   s e n s i t i v i t y   f o l l o w i n g   e x p o s u r e   t o   h i g h   f l u e n c e  
electrons  has  been  confirmed on 3 or  4 samples  and  appears  to  be a 
r ep roduc ib le   e f f ec t .  

Implantations  using O2 i n s t ead  of N2+ were performed as p a r t  of 

the  second  implantation series. The primary  objective  of  th5s  experiment 
was to   determine  whether   the  radiat ion  hardening  property  observed  on  the 

N2+-implanted oxides  (see  Figs.  8-12) depended  upon the  chemistry of t he  

bombarding  ion  or  whether  the  eftect  w a s  p r imar i ly  a physical   d isplace-  
ment damage which  could  be  produced.  by  any  one  of a l a r g e  number of 
bombarding p a r t i c l e s .  Problems a rose   i n   a s ses s ing   wafe r  6A from  implan- 
t a t i o n  series 2 in   t he   s ense   t ha t   t he   me ta l l i za t ion   p rocedures   t ha t   p roved  

adequate   for   evaluat ing  the N2+-implanted oxides were much less adequate 

when eva lua t ing   the  0 - implanted   ox ides .   That   th i s   d i f f icu l ty  was due t o  

a s u r f a c e   i n t e r a c t i o n  between the  implanted oxygen  and the  oxide is not  
proven  but seems l i k e l y .  A t  any rate, t h e   n e t   e f f e c t  was t h a t   t h e  
evaporated aluminum used t o  make the  metal e l ec t rode  of t he  MOS capac i tor  

f a i l e d   t o   a d h e r e   t o   t h e  02+-implanted  oxide  nearly as w e l l  as  i t  d i d   t o  

e i t h e r   t h e  N2+-implanted thermal   oxide  or   the  s t ra ight   thermal   oxide.  

Consequently  yields  of  acceptable  and  useful  devices made of 0 +-implanted 

thermal  oxides were q u i t e  small. A few capaci tors   did  survive  and were 
evaluated. The small amount of data   generated on these  devices  showed 
tha t   t he   r ad ia t ion   ha rden ing   e f f ec t  was similar i n  magnitude  on  the  thermal 

oxides  implanted  with 02+ as w e l l  as those  implanted  with N2 . This con- 

elusion must be  accepted  with some c a u t i o n   i n  view of the   very   l imi ted  
number of da ta   po in ts  on  which i t  is based. This experiment  should  be 

r e p e a t e d   i n   t h e   f u t u r e   w i t h  02+ and  perhaps  one  or two other   ions .  

+ 

+ 
2 

2 

+ 

fnfrared  Absorption 

Wafers 1 and 2 from t h e   f i r s t   i m p l a n t a t i o n  series (see  Table   1)  were 
used t o  compare the  I R  absorption  spectrum of the  implanted  oxide  with  an 
unimplanted  oxide. The spectrophotometer  used  in  this work was the   Perk in  
Elmer 237. This is a s p l i t  beam uni t   and i n  the   re fe rence   pa th  a ba re  

32 



chemical ly   e tched  s i l icon  wafer  w a s  placed  while  the  oxidized  wafer w a s  
p laced   in   the   o ther   pa th .   Typica l   resu l t ing   absorp t ion   spec t ra  are shown 

i n  Fig. 13. Curve 1 shows the   abso rp t ion   a t t r i bu tab le   t o  a 6800 A steam- 
grown thermal  oxide. The major   features   of   this   curve are a s t rong  
a b s o r p t i o n   i n   t h e   v i c i n i t y   o f  9 . 3  microns  with a lesser absorp t ion  a t  
12.4. These absorption  bands are a t t r i b u t a b l e   t o   s i l i c o n  oxygen  bonds i n  
t h e   s i l i c o n   o x i d e .  Presumably a l l  absorp t ion   due   to   the   s i l i con   subs t ra te  
alone  has  been removed from t h i s   p l o t  by using a s i l i c o n   w a f e r   i n   t h e  
reference  path.   Consequently,   the  only  absorption  peaks shown here  should 
be   those  due t o   t h e   o x i d e  on the  oxidized  wafer.  The s i l i c o n   w a f e r s   i n  
both cases were approximately 20 m i l s  t h i c k   b u t   s i n c e   s i l i c o n  is r e l a t i v e l y  
t r anspa ren t   t o   i n f r a red   t h i s   t h i ckness  i s  not   object ionable .  The thickness  

of the   ox ide  was 6800 A ,  somewhat th icker   than   tha t   used   for   the   capac i tance  
measurements descr ibed  previously.  

0 

0 

I n  Curve 2 t he   abso rp t ion   cha rac t e r i s t i c  of an  implanted  oxide is 
shown.  The major   feature  of t h i s   c h a r a c t e r i s t i c  is a s l i g h t   s h i f t i n g  of 
t he  9 -3  absorption  band  and a very  definite  broadening  in  the  band.  This 
kind  of a change is  cons i s t en t   w i th   rup tu red   s i l i con  oxygen  bonds  such as 
might  be  expected  from  displacement damage during  implantation. Over t h e  
range 2.5 microns to  16  microns no a d d i t i o n a l   b a n d s   o r   s i g n i f i c a n t   s h i f t s  
were observed. 

In   F ig .  13 t he re  is  cons iderable   osc i l la t ion   obvious   in   the   p lo ts  
due  most l i k e l y   t o   t h e   r e l a t i v e l y  rough s u r f a c e   f i n i s h  on the  oxidized 
samples,  both  the  implanted  and  the  unimplanted. The rough  surfaces 
presumably  introduce  scat ter ing  and  interference  into  the  opt ical   path 
which r e f l e c t s   i t s e l f  as a n   o s c i l l a t i o n .   I n   t h e   f u t u r e   s p e c i a l l y  
prepared  samples  designed  primarily  for  the I R  measurements w i l l  e l imina te  
this   undesirable   interference.   Nevertheless  i t  appears   that   the   present  
spectra   have  revealed  the  major   features   that  I R  absorpt ion measurements 
w i l l  show. These measurements  can be  extended  easi ly   to  a much broader 
range  of  wavelengths. 

DC Resistance,  Capacitance  and  Dissipation  Factor 

Various  samples were spot-checked  for  oxide  resistance.   This 
measurement w a s  n o t   p a r t  of t he   s t anda rd   eva lua t ion   bu t  was incorporated 
on cer ta in   se lec ted   implanted   wafers  i n  o rde r   t o   ga the r  more information 
about   the  implantat ion  interact ion.  The instrument  used  to make the  
measurements w a s  a General  Radio  Corporation Megohmeter,  Model  1862B. 
The h i g h e s t   v a l u e   o f   r e s i s t a n c e   t h a t   t h i s  meter could  measure  reliably 

w a s  2 x 10l1 ohms. In   gene ra l ,  a l l  capac i to r s   exh ib i t ed   dc   r e s i s t ance  

in   excess   of   this   value  except   those  implanted a t  e i the r   10  N; cm-2 
o r   h ighe r  o r  those  implanted at any energy  greater   than 50 keV. 
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Values  of resistance measured  on  the  10l6 N2 c m  implanted  samples 

(wafer 7A) were i n  t h e   1 0   t o  l o lo  ohm  category. This value of resistance 

corresponds  to an oxide resistivity of 10l1 t o   1 0 l 2  ohm-centimeters.  The 

unimplanted  oxides  exhibit resistance i n  excess  of 2 x 10l1 ohms, corre- 

sponding t o  a r e s i s t i v i t y   g r e a t e r   t h a n  2 x 1013  ohm-centimeters. 
Consequently,  one  influence  of  the  implantation  process  has  been  to 
d e c r e a s e   t h e   r e s i s t i v i t y  of the  oxide  by a t  least one  order of  magnitude 
and  most l i k e l y  two. 

+ -2 

9 

I n   g e n e r a l   t h e   o x i d e   r e s i s t i v i t y   c o r r e l a t e d   w i t h  a capac i to r ' s  
qua l i t y  as determined  by its departure  from t h e   i d e a l  C-V curve ;   tha t  i s ,  

those  units  which  had  the luwest values   of   res is tance,  1 t o  5 X 10 ohms, 9 
i n v a r i a b l y   e x h i b i t e d   t h e   l a r g e s t   v a l u e s   o f   f l a t  band vo l t age  and the  
seve res t   deg rada t ion   i n   s lope  of the C-V c h a r a c t e r i s t i c s .  

T h i s   d e c r e a s e   i n   r e s i s t i v i t y  is not  regarded as being a major 
object ion  to   the  implantat ion  process .  It is similar to   t he   dec rease   i n  
r e s i s t i v i ty   r epor t ed  by Schmidt, e t  a l . ,  (Ref. 27) when i n  working  with 
depos i t ed   s i l i con   oxyn i t r ide   f i lms  on s i l icon.   Indeed  the  ni t rogen 
implantat ion  process   invest igated as p a r t  of t h i s  work could w e l l  produce 
th in   l aye r s   qu i t e  similar i n  composition  to  the  f i lms  investigated by 
Schmidt, e t  al .  A major   difference,  of course,  is not  only  the  technique 
of depos i t ion   bu t   the   var ia t ion   in   composi t ion   normal   to   the   s i l i con  
surface.  I n  the  chemical  deposition  technique  the  films  presumably are 
constant  in  composition  and  not  graded as is t rue   for   the   modi f ied  

thermal  oxides  produced by the  N2+-implantation. 

The capacitance and d i s s i p a t i o n   f a c t o r  of various  implanted  devices 
(from  wafer 7A, Table 2) were compared with  those  of  their   unimplanted 
counterparts  (dry oxygen thermal  oxides).  The capacitance measured  on 
the  implanted  and  the  unimplanted  units  were  generally  similar,  both 
being  in   the 20 t o  25 pf range  ( the  implanted  uni ts   typical ly   exhibi ted 
1 t o  2 pf more capacitance);   however,   the  dissipation  factor  measured on 
the   implanted   un i t s   typ ica l ly  w a s  an  order of  magnitude  higher. As would 
be  expected  for  thermal  oxides on s i l i c o n ,   t h e   d i s s i p a t i o n   f a c t o r  a t  1 kHz 
w a s  less than  0 .001;   af ter   implantat ion,   however ,   the   diss ipat ion  factor  
increased   to   the  0.005 t o  0.010  range.  This increase i n   d i s s i p a t i o n  
f a c t o r  is consistent  with  the  previously  measured  decrease i n  dc series 
re s i s t ance  of the  implanted  capacitors.  

A l l  the  foregoing  measurements  of  capacitance and d i s s i p a t i o n  
f a c t o r  were made  on a 'Gene ra l  Radio  Impedance  Bridge,  type 1608-A, a t  
a frequency of 1 kHz. The values  quoted  above are made on capaci tors  
biased  with -45 v o l t s  on t h e  aluminum gates.  Point-by-point  capacitance 
and d i s s i p a t i o n   f a c t o r  measurements were made as a funct ion of bias   over  
a l imited  range.   For   the  implanted  wafers   the  diss ipat ion  factor  
exhibi ted a maximum i n   t h e   v i c i n i t y  of -5 v o l t   b i a s  on t h e  aluminum gate .  
The peak i n  d iss ipa t ion   fac tor   for   the   nonimplanted   ox ides   occur red  

' c l o s e r   t o  0 v o l t   b i a s .  
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Afte r  20 keV e l e c t r o n   i r r a d i a t i o n ,   t h e   p e a k s  i n  t h e   d i s s i p a t i o n  
fac tor   occur red  a t  l a r g e r   b i a s e s ,  were broader,   and were g rea t e r  i n  
magnitude. A t  b i a s e s  ,below t h e   f l a t  band  voltage  the  magnitudes  of  the 
diss ipat ion  factor   for   both  the  implanted  and  the  unimplanted  uni ts  
were i n   t h e  0.2 to   0 .3   range .  When b i a s e d   t o  a va lue   above   the   f la t  
band   vo l tage ,   the   d i ss ipa t ion   fac tor  of the  unimplanted  uni ts   re turned 
t o  a value less than 0.001. The implanted  uni ts ,  on the  other   hand,  
remained a t  a va lue  somewhat above t h e i r   p r e - e l e c t r o n   i r r a d i a t i o n  
v a l u e   i n   t h e  0.01 t o  0.02 range. 

Etch Rate 

Comparative  measurements  of t h e   e t c h  rate of the  implanted  oxide 
with  the  unimplanted  oxide were ca r r i ed   ou t  on  wafer 1 (see Table 1). 
This wafer w a s  implanted so as t o   e x h i b i t  a readi ly   recognizable  
region  of   dif ferent   color   a long  the  horizontal '   d iameter  of the  wafer 
during  implantat ion.  The a l t e r e d   c o l o r  of the  implanted  region was 
a sc r ibed   t o   an   a l t e r ed   i ndex  of re f rac t ion   for   the   implanted   reg ion .  
No independent  confirming  measure of t he   i ndex   o f   r e f r ac t ive  was made, 
however. 

The compos i t ion   o f   t he   e t ch   u sed   i n i t i a l ly   t o  measure  comparative 
e tch  rates was: 

15 cc HF (48%)  

10 cc HN03 (70%) 

300 cc H20 

This is the  P-etch  developed by P l i s k i n   o f  IBM as a h ighly   d i scr imina t ing  
etch  between  s i l icon  dioxide and o the r   g l a s s   compos i t ions   r i ch   i n   s i l i con  
oxide. The P-etch r a t e  of  thermally grown s i l i con   ox ide  on s i l i c o n  is 

approximately 2 A/sec. 
0 

When wafer 1 was etched  in  P-etch,   the  implanted  region was not 
v i s i b l y   a t t a c k e d   a f t e r  1 hour  and  15  minutes. The unimplanted  oxide 
surrounding  the  implanted  region was attacked  and  etched a t  about 

3.5 A/sec at   the   wafer   edge.   Closer   in   toward  the  implanted  region  the 
e tch  rate was f a s t e r ,   s u g g e s t i n g   t h a t   t h e  number  of i o n s   s t r i k i n g   t h i s  
area w a s  g rea te r   than  a t  the  wafer  edges  but  not  great enough to   cause 
the  color   changes  character is t ic   of   the   center   implanted  region.  
Enhanced e tch  rate caused by ion  bombardment has  been  previously  observed 
(Ref. 2 8 ) .  This ac t ion   could   expla in   the   fas te r   ox ide   e tch ing  of the  
oxide  near  the  heavily  implanted  region. The heavily  implanted  region, 
however, d i d   n o t   e t c h   a t  a l l  bu t  remained as a f a i r ly   sha rp ly   de f ined  
r eg ion   i n   t he   cen te r  of the  wafer .  

0 

Buffered HF--10 cc H F  ( 4 8 % ) ,  100 cc NH F s o h .  (1 l b .  NH4F/680 cc 4 
H20)--did not   a t tack   the   implanted   reg ion   e i ther .   Concent ra ted  HF (48%) 
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a t tacked  the reg ion   p re fe ren t i a l ly ,   l eav ing  small is lands  of   the  implanted 
layer   unaf fec ted   bu t  removing  most  of the  region.  The appearance  of  the 
heavi ly   implanted   reg ion   a f te r  15 minutes i n  HF sugges ted   p referen t ia l  
a t t ack   a long   de fec t s   o r  damage channels  which  undercut  the  surface  oxide. 
The observat ions were cons is ten t   wi th   an   inso luble   sur face   l ayer   on  a 
so lub le   base  as though the  chemical  etch  of  the  base  layer  began a t  a 
f i n i t e  number of d i sc re t e   p inho les  or d e f e c t s   i n   t h e   i n s o l u b l e   s u r f a c e  
l aye r .  The etch  proceeded  radial ly  from these   po in ts  removing t h e   i n s o l u b l e  
su r face   l aye r  by undercut t ing.  

EVAPORATED OXIDES 

Previous work published by o the r   i nves t iga to r s   has   sham  tha t   t he  
radiat ion  sensi t ivi ty   of   oxides   prepared  by  evaporat ion  f rom a s i l i c o n  
monoxide source  have  been  very  radiation  insensit ive  (Refs.   8,18).  
Unfortunately  these  oxides   have  been  far  less s t a b l e   e l e c t r i c a l l y   t h a n  
the  s tandard  thermally grown s i l i c o n   d i o x i d e   l a y e r  and  hence  have  not 
been  very  useful.  The purpose  of t h i s   i n v e s t i g a t i o n  was to  develop some 
modification  which  might  permit  these  oxides  to be prepared i n  such a 
f a sh ion   t ha t   t hey   wou ld   r e t a in   t he i r   des i r ab le   r ad ia t ion   i n sens i t i v i ty  
but   d i sp lay  much improved e l e c t r i c a l   s t a b i l i t y .  

Apparatus 

The b a s i c  vacuum system i n  which  these  evaporated  oxides were 
prepared w a s  an   ion  pumped  vacuum chamber  manufactured  by the  Ultek 
Corporation. The s i l i c o n  monoxide  powder used   fo r   t h i s  work w a s  r a t ed  
mesh 30 and  supplied  by  the R.  D. Mathis Company. Pr ior   to   evapora t ion  
no cleaning or other   p rocess ing  of the   mater ia l  was c a r r i e d   o u t ;  i t  w a s  
loaded   d i rec t ly   in to  a S i 0  evaporation  furnace.   This  furnace  consists 
of a r e f r ac to ry  metal shaped s o  as t o   be  a b a f f l e  and a heating  element. 
The s i l i c o n  monoxide is con ta ined   i n   t h i s   fu rnace   i n   such  a pos i t i on  
t h a t  no d i r e c t   l i n e  of s i g h t   e x i s t s  between i t  and the   s . ubs t r a t e   t o   be  
coa ted .   In   o rde r   fo r   evapora t ion   t o   occu r   t he   s i l i con  monoxide  must 
f i r s t   b e   v a p o r i z e d  and  then  by  coll ision  and  reflection from t h e  
var ious  baff les   of   the   furnace  f ind  the  exi t   path.   This   arrangement  is 
necessa ry   i n   o rde r   t o   avo id   l a rge  chunks  of S i 0  powder spewing  off  and 
deposi t ing as a meteor on t he   subs t r a t e   su r f ace .  

The s i l i c o n  substrate t o   b e   c o a t e d  was positioned  approximately 
6 inches  above  the S i 0  furnace  and w a s  suspended  by  pencil  tweezers. 
The tweezers themselves were a t t ached   t o  an arm which  could  be  pivoted 
from  one  section  of  the vacuum chamber ( tha t   s ec t ion   con ta in ing   t he  S i 0  
furnace)   to   another   sec t ion  i n  which the  metal l izat ion  could  be  deposi ted 
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on the evaporated  oxide layer.. The tempera ture   o f   the   s i l i con  rmrtrate 
was not   cont ro l led   dur ing   evapora t ion   bu t   because   o f   the   re la t ive ly  low 
thermal’mase of t he   s i l i con ,   t he   r ad ian t   ene rgy  from t h e   s i l i c o n  monoxide 
furnace  probably  succeeded  in   heat ing i t  t o  an excess  of 100OC. 

0 

The evaporation rate was maintained at 1 A per  second. The thick- 
ness   of   the   deposi ted  f i lm w a s  monitored  continuously  by a mass monitor 
manufactured by Sloan  Instrument Company. Thie mass monitor  coneists  of 
an o s c i l l a t i n g   q u a r t z   c r y s t a l  which is water cooled  to   avoid  the  undesirable  
e f fec ts   o f   f , empera ture   tha t   such   quar tz   c rys ta l   osc i l la tors  are sub jec t  
to.  The procedure  used  to   es tabl ish  evaporat ion rate w a s  t o  commence the  
evaporation a t  nominal power s e t t i n g s  on the   Si0  furnace,   record  the  f i lm 
thickness a t  a sequence  of times (actual ly   the  vol tage  s ignal   corresponding 
to   the   f i lm  th ickness  was p l o t t e d  on a recorder  so tha t   th ickness  as a 
function  of time w a s  recorded  permanently). From th i s   r eco rd  small 
cor rec t ions   to   ach ieve   the   des i red   s lope   could   be   readi ly  made and when 

the  slope  approached  the  desired  value of 1 A per   second,   the   s i l i con  
wafer was moved in to   the   evapora t ing  stream. The time requi red   to   p lace  
the   wafer   in   the   p roper   pos i t ion  w a s  small compared t o   t h e   t o t a l  evapora- 
t ion  t ime--typically  the time required  to   posi t ion  the  wafer   f rom 
completely  out  of  the  evaporating beam t o  a s . t ab le   pos i t i on   w i th in  it w a s  
on the  order  of 5 seconds ,   whi le   the   to ta l  time of the  evaporat ion was on 
the   o rde r  of 2000 seconds. Once the  desired  f i lm  thickness  had  been 
reached a t  the  desired rate the  wafer was r o t a t e d   o u t  of t h e  S i 0  stream 
and pos i t i oned   i n  a sh ie lded   pos i t ion  midway between  the S i 0  source and 
t h e  aluminum source set  up adjacent   to   the  Si0  source.  

0 

0 

The  aluminum w a s  deposited a t  a r e l a t i v e l y   h i g h   r a t e  (40 A/sec) and 
was heated  by  an  electron gun. As with  the  thermally grown oxides,   the 
aluminum w a s  deposited  through a metal mask cons i s t ing  of  an  array of 
15 m i l  holes  on 20 m i l  centers .  After melting  and commencing the  
evapora t ion   wi th   the   s i l i con   wafer   in  a sh ie lded   pos i t ion ,   the  power t o  
the   e l ec t ron  gun w a s  reduced  and  the  si l icon  wafer was moved i n t o  a 
pos i t i on  above  the molybdenum  mask and  dropped  snuggly down aga ins t  i t .  
The power t o   e l e c t r o n  gun was then  reapplied  to  complete  the  evaporation. 

Here as i n  a l l  previous  s t ructures   evaluated,   the   oxide  thickness  

w a s  2000 A and the   meta l l iza t ion   th ickness  on top of the  oxide w a s  1000 A .  
0 0 

With t h i s  vacuum arrangement  and  f ixturing  the  preparation of MOS 
capaci tors   could  be  carr ied  out   with 1 pumpdown. The only  remaining 
s t e p s  of f a b r i c a t i o n   c o n s i s t s  of  wafer  bonding  and wire bonding i n   o r d e r  
to   have a uni t   ready   for  test. 

Res ul t e  

Evaporated  layers  of  oxide were put down on va r ious   subs t r a t e s .  
Among them were b a r e   s i l i c o n   s u r f a c e s   ( t h i s  is a s i l i c o n   s u r f a c e  which 
has  been  chemically  etched  to  expose a f r e sh   s i l i con   su r f ace   bu t   t hen  
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rubrequurt ly   c leaned in ox id i r ing  acib t o  form a thin oxide   l ayer  on 
the order   of  20-50 A) md  mil icon  waferr   covered w i t h  thin  thermal   oxidss  
of V a r i O t m  thic?lnrrrem. The r e a u l t r   f o r  a11 there maaplu  vere t h e .  
r ame- - i rmtab i l i t i u  due t o   c o n t r r i e a t i o n  m a t e d  the observed C-V 
prope r t i e s  and   rendered   fur ther   deve lopent   una t t rac t ive .  The in f luence  
of  the  contaminantr w i l l  be   emphuized i n  the following  paragraphs. 

e 

A t  room temperature '   the C-V c h a r a c t e r i r t i c  of, -  evaporated  oxide 
011 milicon is i l l u s t r a t e d  in  Fig. 14. 'Ihe hya te re r i r   ev iden t  i n  Fig.  14 
i. t yp ica l   o f  a mtructure  ahawing  charge  injection, mince negat ive   b ias  
on the alumintlm e l ec t rode   (o r   poe i t i ve   b i a s  on t h e   s i l i c o n   e l e c t r o d e )  
h u  t h e   e f f e c t  of i n c r e u i n g   t h e   p o r i t i v e   c h a r g e  i n  the  oxide.   This 
ac t ion  is the  reverre  of  what  vould be  expected  with  ion  motion in  t h e  
oxide.   Placing a negat ive   b ias  on t h e   a l d n u q !   g a t e  attracts p o s i t i v e l y  
charged io- in the  oxide  and  pull. them f u r t h e r  away from the  oxide- 
mil icon  interface.  This s h i f t  In pos i t i on  i n  the   oxide makes these  
p w l t i v e  ions l e s e   e f f e c t i v e   e l e c t r o s t a t i c a l l y  a t  the   ox ide-s i l icon   in te r -  
face  r o  t h a t   t h e  C-V curve  approaches  the  ideal  curve more c l o s e l y   a f t e r  
such a bias  strees.   For  those  samples  prepared  fram  si l icon monoxide 
evaporated  onto a b a r e   s i l i c o n   s u b s t r a t e ,   t h i s   t y p e  of i n s t a b i l i t y  is 
revereed--placing a negat ive   b ias  on the aluminum ga te   has   t he   e f f ec t  of 
making t h e  C-V c h a r a c t e r i s t i c   l e e s  ideal-"  though the  magnitude  of  the 

s t a r t  

- C 
cox 

-25 0 +25 

Figure 14. H y s t e r e s i s   i n   t h e  C-V c h a r a c t e r i s t i c s  of an oxide  evaporated 
from a r i l i c o n  monoxide rource. The dc  bias   begine at +25 V, 
proceeds t o  -25 V a t  2 volts/sec,   immediately  reverses,   and 
r e t u r n s   t o  +25 V at  t h e  ram sweep rate. 
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pos i t ive   charge   near   the   ox ide-s i l icon   in te r face  is g r e a t e r   a f t e r   s u c h  
b ias   exposure   ra ther   than  less. Simply p o s t u l a t i n g   t h a t   t h e  dominant 
i o n  is a negative  ion  does  not  e.xplain  the  observations,   for  while i t  is 
t r u e  a negat ive   ion  would b e   d r i f t e d  toward the   ox ide - s i l i con   i n t e r f ace  
with  negat ive  bias   on  the aluminum gate ,  a buildup  of  negative  charge a t  
t h e   o x i d e   s i l i c o n   i n t e r f a c e  would s h i f t   t h e  C-V curve i n   c l o s e r   t o   t h e  . 
i d e a l   c h a r a c t e r i s t i c  as w e l l .  This   conf l ic t s   wi th   the   observa t ions .  
Consequently  the model u sua l ly . invoked   t o   exp la in   t he   t ype   o f   i n s t ab i l i t y  
observed  here is charge   inJec t ion   across   the   ox ide-s i l icon   in te r face .  
This charge   in jec t ion   could   be   ho le   in jec t ion  from t h e   s i l i c o n   i n t o   t h e  
o x i d e   o r   e l e c t r o n   i n j e c t i o n  from t h e   o x i d e   i n t o   t h e   s i l i c o n .  It changes 
rap id ly   wi th   b ias  aa   can  be  seen  f rom  the  hysteresis   evident   in   the C-V 
c h a r a c t e r i s   t i c   ( F i g .   1 4 )  . 

By i n s e r t i n g  a t n m  oxide  layer  between  the  evaporated  oxide  and  the 
s i l i c o n   t h e   d i r e c t i o n  of t h e   i n s t a b i l i t y  changes as shown in   F ig .   15 .  A t  
room temperature  the C-V curves   d i sp l ay   l a rge   i n s t ab i l i t i e s   ve ry  similar 
to   t hose  s h m   i n  F ig .   14   bu t   the   d i rec t ion   or   b ias   dependence   of   th i s  
i n s t a b i l i t y  is  reversed. Here a negat ive   b ias  on t h e  aluminum ga te  
d i s p l a c e s   t h e   f l a t  band voltage  to  the  r ight--as  though  negative  charges 
were be ing   added   t o   t h i s   s i l i con   d iox ide .   In   f ac t ,   t he   cu rves   sh i f t  so 
f a r   t o   t h e   r i g h t  618 t o   r e f l e c t  a to ta l   ne t   nega t ive   charge   in   the   ox ide .  
This  observation is consis tent   with  the  presence  of   negat ive  ions  in   the 
oxlde  and  has  been  observed  with  our  evaporated  oxides on top  of  thermal 
oxides.  

a t a r t  

- C 
cox 

-50 0 +50 

gate b i a s  

Figure 15. C-V prope r t i e s  of sample E-2. This trace waa made by s t a r t i n g  
t h e   b i a s  a t  -50 V, proceeding t o  +50 V at 2 volts laec,   remaining 
at +50 V f o r  1 minute   and  re turning  to  -50 V at 2 v o l t e l s e c .  
6Weep 
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.Even on  samples  containing no thermal   oxide  the  effect   of   ions  can 
be   seen   to   dominate   the   charac te r i s t ics  as sham i n  F i g .  16.  This shows 
a s t r u c t u r e  a t  4OoC b iased   pos i t i ve ly  a t  25 v o l t s .  The i n i t i a l  char- 
acteristics show a f l a t  band  voltage  of  approximately -8 v o l t s .   A f t e r  
1 minute  under  bias  the  f lat   band  voltage  has  shifted  toward  the  r ight  to 
a value  of -2 vol t s   o r   thereabouts .  Ten minutes later the  curve  under 
the same b ias   has   sh i f t ed   back  toward t h e   l e f t   i n d i c a t i n g   t h a t   t h e   i o n  
motion is  now domina t ing ,   t he   cha rac t e r i s t i c .   Fu r the r   b i a s   sh i f t s   t he  
c u r v e   f a r   t o   t h e   l e f t  showing t h a t  ions are dominat ing  the  character is t ic  
completely  even  though  the in i t i a l   d i sp l acemen t  w a s  c o n s i s t e n t   w i t h   t h a t  
of   charge  inject ion.  

The i n a b i l i t y   t o  remove the   e f fec ts   o f   ions   in   these   ox ides   p revented  
the  gather ing  of   meaningful   i r radiat ion  data .  Some i r r a d i a t i o n s  were 
a t tempted   bu t   in  a l l  c a s e s   t h e   i n s t a b i l i t i e s  due t o   v o l t a g e   b i a s e s  were 
fa r   g rea t e r   t han  any i n s t a b i l i t i e s   o r   s h i f t s   i n   p r o p e r t i e s   b r o u g h t   a b o u t  
by t h e   i r r a d i a t i o n   i t s e l f .   I n   c a r r y i n g   o u t   t h e s e   i r r a d i a t i o n s   t h e   s t r u c -  
tures  containing  evaporated  oxides were found t o   b e   v e r y   f r a g i l e .  This 
statement   appl ies   pr imari ly   to   the  evaporated  oxides  on b a r e   s i l i c o n   b u t  
a l s o   t o  a lesser degree  to  evaporated  oxides on the  thin  thermal  oxides 
on s i l i c o n .  The y ie lds   across  a given  wafer  for  the  former  averaged 
about 50% sa t i s f ac to ry   capac i to r s .  Upon p lac ing   t hese   capac i to r s   i n to  
the  vacuum sys t em  fo r   e l ec t ron   i r r ad ia t ion ,  however, a l l  the  remaining 
sa t i s fac tory   capac i tors   degraded   in   d i ss ipa t ion   fac tor  and  dc r e s i s t a n c e  

- C 
cox 
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Figure  16.  Bias-temperature  behavior of E-1. Note r e v e r s a l  of f l a t  band 
v o l t a g e   s h i f t   a f t e r  t - 1 min. 
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until they were no  longer   useful .  This degradat ion was before  any 
e lec t ron   i r rad ia t ion   and   appeared   to   be   caused  by t h e  vacuum pumpdam 
operat ion  a lone.  The i n t e r a c t i o n  is not  understood at present  and was 
not  pursued  because  of  the  contaminant-caused,  unstable electrical 
proper t ies   o f   these   capac i tors .  The action  could  be  described,  however,  
as t h a t  of a low power d i s s i p a t i o n ,  one-time  switch. The units are 
good capaci tors   in   the  a tmosphere  but  upon being  exposed t o  a vacuum 
they   degrade   e lec t r ica l ly   bu t   no t   in   such  a fash ion  as t o  draw much 
power. 

Those uni t s   conta in ing  a t h i n   l a y e r  of  thermally grown oxides 
between  the  evaporated  oxide and t h e   s i l i c o n  were somewhat more rugged 
and d id   su rv ive  some e l e c t r o n   i r r a d i a t i o n .  However, t he   f l uence   t ha t  
these  units could   be   t es ted  a t  b e f o r e   f a i l i n g   c a t a s t r o p h i c a l l y  as 
capac i tors  w a s  r e l a t i v e l y  low. 

CONCLUSIONS AND RECOMMENDATIONS 

Two methods were invest igated  for   improving  the  radiat ion  res is tance 
of  thermal  oxides  on  si l icon: 1) ion  implantat ion,   and 2) evaporation 
of SiO.  The nmre promising  by f a r  w a s  t h a t   i n  which the   p rope r t i e s  of 
the  thermal   oxide were modified  by  an  ion  implantation  process.   This 
approach to   r ad ia t ion   ha rden ing  retains a l l  the  advantages  of  the w e l l  
es tabl ished  and  highly  perfected  techniques  of   thermal   oxidat ion  and 
requires  only  the  degradation  of a spec i f i c   p rope r ty - - the   e l ec t ron   l i f e -  

time in   the   ox ide .   Pre l iminary  work has   been  carr ied  out   with  an N2 
i on  beam and i t  has  been shown t h a t  a l l  thermal   oxides   invest igated 
have  been  improved i n   r a d i a t i o n   h a r d n e s s  by th i s   mod i f i ca t ion .  Most of 
t h e  work s f   t h i s   i n v e s t i g a t i o n  was ca r r i ed   ou t  on implantations  which 
were s u f f i c i e n t l y   h i g h   i n   f l u e n c e  so as t o   i n t r o d u c e  a s m a l l   s h i f t   i n t o  
t h e   i n i t i a l  C-V c h a r a c t e r i s t i c  of t he  MOS capac i tor   s t ruc ture   used   for  
evaluat ing  the  modif icat ion.  The magnitude  of t h i s   s h i f t  is  small 
compared t o   t h e  improvement in   radiat ion  hardness   and  does  vary  with 
f luence.  It is  by no means c e r t a i n   t h a t   t h e  optimum ion ,   f l uence ,   o r  
range  (energy)  have  been  identified as y e t .  What has  been shown is 
tha t   ion   implanta t ion   can  modify the   p rope r t i e s  of  an  oxide  and among 
the   des i rab le   modi f ica t ions   tha t   implanta t ion   can   br ing   about  is  t h a t  
of  radiation  hardenlng. 

+ 

Evaporated  oxides were a l s o   i n v e s t i g a t e d   b u t   t h e   i n a b i l i t y   t o  
produce  these  oxides  without  contaminating  ions  led  to  abandoning  this 
e f f o r t   e a r l y   i n   t h e  program. 

Three  general tasks shou ld   be   fu r the r   exp lo red   o r   i n i t i a t ed :  
1) t h e  develapment of better  underatanding  of  the  physics  of  the  ion 
implantation-induced  modification. Most of   the  observat ions  to   date  
suggests   that   d isplacement   a lone  could  be  responsible   for   the  radiat ion 
hardenjug   e f fec t .  If t h i s  is true  then  annealing  cycles  might  el iminate 
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t h e   e f f e c t ;   i n v e s t i g a t i o n  of  such  annealing  parameters is an important 
fu ture   exper iment .   Chemica l   e f fec ts   have   a l so   been   ident i f ied   and  
examination  of their s ign i f i cance   shou ld  a l s o  be  continued, 2) Development 
of  an optimum modif icat ion  process .  The better  understanding  developed 
by Task 1 should  point  the way t o   t h e  optimum  method f o r  implementing 
the  modif icat ion  process   in   the  future .   Opt imizat ion  should  include  not  
only  efficiency  of  the  modification  but  the economy and ease of the modi- 
f i c a t i o n  as w e l l .  If o the r  bombarding spec ie s  are more e f f i c i e n t  o r  more 
readi ly   ava i lab le ,   they   should   be   g iven   preference   over   the   a l ready  
invest igated  ni t rogen  and oxygen ions.  3) The f a b r i c a t i o n  of MOS f i e l d  
e f fec t   t rans is tors   u t i l i z ing   the   modi f ied   ox ide   deve loped   in  Task 2 and 
a comparison  of t he   p rope r t i e s   o f   t hese   un i t s   w i th   t he i r   coun te rpa r t s  
bu i l t   wi th   ox ides   no t  so modified. 
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